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ANNOTATION 

This monograph sets f o r t h  t h e  r e s u l t s  o f  t h e o r e t i c a l  and 

experimental s t u d i e s  of t he  s t rength,  e l a s t i c ,  acoustic,  thermal, 

and electromagnetic p rope r t i e s  of rocks as a function of 

temperature. 

The authors give a de t a i l ed  descr ipt ion of methods f o r  

i nves t iga t ing  t h e  physical p rope r t i e s  of rocks a t  high tempera­

t u r e s  and give examples o f  t he  use  of  t h e  dependence of physical  

p rope r t i e s  of rocks on temperature f o r  solving mining problems. 

The book is intended f o r  s c i e n t i f i c  workers, engineers and 

technicians engaged i n  t h e  mining and processing of minerals and 

may also be useful t o  col lege s tudents  concerned with problems 

i n  t h e  geology, mineralogy, chemistry and physics o f  rocks, and 

t h e  methods and equipment employed i n  ex t r ac t ing  and processing 

minerals . 
Tables 38, i l l u s t r a t i o n s  67, bibliography 57 i t e m s .  
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INTRODUCTION 

The considerable increase i n  i n d u s t r i a l  production and t h e  need f o r  increas­

ing work product ivi ty  c a l l e d  for i n  t h e  Directives of t h e  Twenty-Third Congress 

of the  Communist Par ty  Soviet  Union set t h e  p r inc ipa l  tasks i n  t h e  f i e l d  o f  

mineral ex t r ac t ion  and processing. 

New, highly productive engineering methods and equipment f o r  working 

mineral deposits,  based on advances i n  modern physics, chemistry, hydro- and 

thermodynamics, geophysics, geochemistry, e l ec t ron ic s ,  and o t h e r  sciences,  have 

been broadly developed during recent years. 

Thermal, e lectrophysical  and o t h e r  methods f o r  destroying and strengthening 

rocks and acous t i c  and electromagnetic methods f o r  studying and monitoring 

t h e  rock m a s s  are being introduced i n  mining work and physicochemical methods 

of mineral ex t r ac t ion  are being developed. 

Thermodynamics w i l l  p lay a s i g n i f i c a n t  r o l e  i n  solving many problems i n  

t h e  mining industry and t h e  p o s s i b i l i t i e s  of i ts  app l i ca t ion  are expanding. 

Thermal methods f o r  rock f r ac tu r ing  are already being used i n  industry.  

The thermal ( I 1  fire" ) and low-frequency electrophysical  methods have exhibi ted 

a high e f f i c i ency  i n  t h e  d r i l l i n g  and fragmenting of hard rocks. Rocks have 

been experimentally f r ac tu red  by electromagnetic f i e l d s  of d i f f e r e n t  frequencies, 

e l e c t r i c  arc torches, and o the r  methods. 

Invest igat ions of t h e  behavior of  d i r ec t ed  change i n  mechanical, electric 

and magnetic p rope r t i e s  occupy a spec ia l  r o l e .  These inves t iga t ions  w e r e  t h e  

b a s i s  f o r  developing methods f o r  t h e  thermomechanical f r ac tu r ing  of rocks and 

methods f o r  thermal and electrophysical  strengthening of rocks and physico­

chemical methods and equipment f o r  t h e  ex t r ac t ion  of su l fur ,  copper, coal and 

f u e l  shales.  Some l a w s  o f  change i n  t h e  p rope r t i e s  of rocks (electric, e l a s t i c  

and magnetic) i n  a high-temperature f i e l d  can be used f o r  obtaining information 

on change i n  state of  a rock m a s s .  

A t  t h e  s a m e  t i m e ,  solut ion of  t h e  examined problems and accordingly, t h e  

broad introduct ion o f  new technical  so lu t ions  i n  industry are being held back 

t o  a c e r t a i n  degree by an inadequate use of mathematics, physics and computers. 

i v  



This can be a t t r i b u t e d  t o  a poor knowledge of t h e  physical p rope r t i e s  of rocks 

and t h e  condi t ions f o r  t he  occurrence of physicochemical processes i n  them. 

A study of t h e  physical p r o p e r t i e s  o f  rocks and the  p a t t e r n s  of t h e i r  change 

under t h e  inf luence of d i f f e r e n t  f a c t o r s  w i l l  create conditions f o r  formulating 

appropriate control  algorithms and t h e  extensive use o f  methods f o r  mathematical 

and physical modeling of  processes i n  rocks. 

Many s t u d i e s  have been devoted t o  the  multisided inves t iga t ion  of t he  

physical p r o p e r t i e s  o f  rocks; t h e s e  have been published i n  t h e  Soviet  and foreign 

l i t e r a t u r e .  However, inadequate a t t e n t i o n  has  been given t o  t h e  dependence of 

t h e  physical p r o p e r t i e s  of rocks on temperature appl icable  t o  mining industry 

methods. 

The material i n  t h i s  book is based for t h e  most p a r t  on experiments and 

t h e o r e t i c a l  i nves t iga t ions  made during recent  years  i n  t h e  rock physics problem 

laboratory a t  t h e  Moscow Mining I n s t i t u t e .  

The book c o n s i s t s  of t h r e e  chapters,  incorporating t h e  r e s u l t s  of t h e  

s t r eng th  and elastic, thermal and e l e c t r i c  p rope r t i e s  of some rocks. Each 

chapter discusses  theory and research methods and changes i n  rock prope r t i e s  

i n  a high-temperature f i e l d ;  each descr ibes  o r i g i n a l  experimental apparatus based 

on t h e  use of advances i n  physics and e l e c t r o n i c s  and developed i n  our  labora­

tory.  

Analysis o f  t h e  accumulated m a t e r i a l  made possible  an attempt a t  some 

systematization of rocks on t h e  b a s i s  of t h e  p a t t e r n s  i n  change i n  t h e i r  physical  

p rope r t i e s  f o r  t h e  s p e c i f i c  conditions of i n t e r a c t i o n  with a temperature f i e l d .  

P a r t i c u l a r  a t t e n t i o n  i s  devoted t o  problems r e l a t i n g  t o  t h e  p r a c t i c a l  

app l i ca t ion  of t h e  research r e s u l t s ;  t hese  are fundamental i n  a study o f  t h e  

mechanisms of thermal and e l e c t r i c  f r ac tu r ing .  

The book w a s  wr i t t en  by s p e c i a l i s t s  i n  the  Department of Rock Physics a t  

t h e  Moscow Mining I n s t i t u t e .  Chapter I w a s  wr i t t en  by V. s. Yamshchikov and 

A. P. Dmitriyev; Chapter I1 w a s  w r i t t e n  by A. P. Dmitriyev and L. S .  Kuzyayev; 

Chapter I11 w a s  wr i t t en  by Yu. I. Protasov. 
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Chapter I 

STRENGTH AND ELASTIC PROPERTIES O F  ROCKS AT HIGH TEMPERATURES 

1. Strength P rope r t i e s  o f  Rocks 

The e f f ec t iveness  and f i e l d  of r a t i o n a l  a p p l i c a b i l i t y  of elecixophysical,  

thermal, and thermomechanical methods f o r  destroying rocks are determined t o  

a great extent  by t h e  physicomechanical p rope r t i e s  of t h e  la t ter  and pr imari ly  

by t h e i r  s t rength,  elastic and v i s c o e l a s t i c  propert ies .  I n  addi t ion t o  t h e  

absolute  values of t h e  propert ies ,  t h e i r  dependence on temperature is a l s o  taken 

i n t o  account i n  t h e  computations. 

Among t h e  s t r eng th  p rope r t i e s  determining t h e  r e s i s t ance  o f  rocks t o  

destruct ion under t h e  inf luence of d i f f e ren t  f a c t o r s  are compression s t rength,  

t e n s i l e  s t rength,  shear  s t rength,  bending s t rength,  and hardness. 

The values of t h e  s t r eng th  ind ices  are dependent on porosity,  micro- and 

macrofissuring, s t r eng th  of t h e  minerals making up t h e  rocks, and t h e  bonds 

between them. These s a m e  f a c t o r s  determine t h e  s t r eng th  p rope r t i e s  of rocks 

as a funct ion of temperature. 

Since ancient t i m e s ,  researchers  have been i n t e r e s t e d  i n  t h e  p o s s i b i l i t y  

of con t ro l l i ng  t h e  s t r eng th  p rope r t i e s  o f  rocks (strengthening or weakening) 

under t h e  inf luence o f  a temperature f i e l d .  Man probably first came face t o  

face with t h e  p o s s i b i l i t y  of changing the  s t r eng th  o f  rocks when f i r i n g  c l ay  

and kaolin.  With heating of t hese  rocks t o  a temperature of 600°C t h e i r  s t r eng th  

is increased by several  t i m e s  with a simultaneous decrease i n  p l a s t i c i t y .  

The phenomena o f  strengthening and weakening rocks under the  influence of 

high temperatures w e r e  a l s o  observed i n  s t u d i e s  of o the r  types of rocks. How­

ever, a systematic study of t h i s  matter w a s  only r ecen t ly  i n i t i a t e d  i n  r e l a t i o n  

t o  t h e  development of  new destruct ion methods and study of rock behavior a t  

great depths. 

-~ - -. ­ ._ _- _.. ~ ... ..._ _  


* Numbers i n  the  margin ind ica t e  pagination i n  t h e  foreign t e x t .  
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Methods and- Equipment f o r  Investigatkng Rocks-

Methods for determining t h e  compression s t rength and t e n s i l e  s t rength and 

t h e  ind ices  of rock hardness have come i n t o  the  widest use i n  studying t h e  

s t r eng th  p rope r t i e s  of rocks i n  a high-temperature f i e l d .  

The t e s t i n g  of rocks under uniaxial  compression (crushing) is  t h e  simplest  L6 
method f o r  evaluating rock s t rength.  I n  t h i s  case t h e  compression s t rength 

is defined as the m a x i m u m  compressive stress ac t ing  on t h e  sample a t  t h e  t i m e  

of i ts destruct ion.  

Figure 1. 	 Diagram o f  t e s t i n g  o f  
apparatus f o r  i nves t i ­
gating compression s t rength 
of rocks during heating: 
1- p r e s s  punches; 2- working 
punches; 3- asbestos  cord; 
4- r ings;  5- electric furnace; 
6- thermocouples; 7- sample. 

asbestos  cement l i n ings .  

The method f o r  t e s t i n g  the 

compressive s t r eng th  of rocks a t  high 

temperatures is as follows. 

P r i o r  t o  t h e  tests the  samples 

are heated t o  t h e  i n i t i a l  temperatures 

i n  spec ia l  apparatus which can be 

s i t u a t e d  both i n  t h e  p re s s  and outs ide 

it. In t h e  la t ter  case [l, 21, an 

electric muffle furnace is used for 

t hese  purposes. With heating t o  t h e  

required temperature t h e  rock samples 

(with t h e  thermometers i n se r t ed  i n  

them) are removed from the furnace 

by manual manipulators and placed 

under the  test press.  The tempera­

t u r e  decrease i n  t h e  sample is 

reg i s t e red  with thermocouples. In  

order  t o  reduce heat  exchange between 

t h e  sample surface and the  surround­

ing medium during t h e  tests its 

lateral  su r faces  are insulated with 

The experiments show t h a t  t h i s  va r i an t  f o r  heating samples p r i o r  t o  tes ts  

(for standard rates of loading) m a k e s  it possible  t o  determine t h e  q u a l i t a t i v e  

dependence of s t r eng th  on temperature. 

2 



A spec ia l  apparatus is used [ 3 ]  (Figure 1) when heating rock samples i n  a 

press.  A n  electric furnace surrounding the  sample is  cut  i n t o  the network 

through an autotransformer. The sample i s  heated uniformly and is held a t  t h e  

s t i p u l a t e d  temperature f o r  not  less than 20 minutes. Then t h e  sample is loaded 

u n t i l  des t ruc t ive  f r a c t u r e s  appear. 

Loads and deformations must be continuously measured i n  order  t o  evaluate  

t h e  elastic and p l a s t i c  deformations developing under t h e  influence of temperature 

during t h e  tests o f  rocks f o r  compression and d i l a t a t i o n .  However, it is 

impossible t o  use f o r  t h i s  purpose w i r e  r e s i s t ance  de t ec to r s  ( s t r a i n  gauges) 

cemented t o  the l a t e r a l  surfaces  of t he  sample when high temperatures a r e  

involved. A n  apparatus making it possible  t o  measure deformations without 

cementing s t r a i n  gauges t o  the  sample [SI can be used f o r  automatically recording 

deformations and loads during rock compression t e s t s .  Figure 2 is a diagram 

of t h i s  apparatus. Loads during compression of t h e  sample, 1, with the  press,  2, L7 
are r eg i s t e red  with a slide-wire potentiometer, 3 ,  and deformations are 

r eg i s t e red  using s t r a i n  gauges. 

i f i e r  

7 I 

Figure 2. 	 D i a g r a m  of apparatus f o r  automatically 
recording loads and deformations. 

The slide-wire potentiometer i s  r i g i d l y  connected t o  t h e  scale of t h e  

indicator ,  4 ,  of p r e s s  load and receives  current  from a ba t t e ry ,  5, with a volt­

age of 6 t o  15 V. For se l ec t ing  an e l e c t r i c  s ignal  corresponding t o  t h e  maximum 

compressive load t h e  control  panel has an adjustable  potentiometer, 6 .  The 

s ignal  character iz ing the  load, imparted t o  t h e  s l i d e  w i r e ,  is fed t o  a multi­

loop oscil lograph, 7, on which t h e  changes i n  t h e  axial load are regis tered.  

3 
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A can t i l eve r  apparatus w a s  used f o r  measuring deformations using s t r a i n  gauges 

without cementing them t o  t h e  sample. A support with a spr ing p l a t e ,  8 ,  (grade 

l2KlzN3A steel) is r i g i d l y  at tached t o  t h e  f ixed  base p l a t e  of t h e  press.  The 

upper moving p l a t e  is r i g i d l y  at tached t o  a s teel  c a n t i l e v e r  p l a t e  on which the re  

is a micrometer s c r e w ,  9, which comes i n t o  contact with t h e  spr ing p l a t e .  

Working and compensating s t r a i n  gauges, p a r t s  o f  t h e  general  bridge 

measuring system, are glued on t h e  p l a t e .  The s igna l  from bridge imbalance, 

caused by change i n  sample length under t h e  press,  i s  f ed  t o  t h e  s t ra in  gauge 

ampl i f i e r  10, type TA-5, and then t o  a loop oscil lograph. Before beginning t h e  

experiments t h e  system must be c a l i b r a t e d  using a two-micron mechanical s t r a i n  

gauge indicator .  The si te f o r  gluing t h e  working s t r a i n  gauge on t h e  spr ing 

p l a t e  is  se l ec t ed  taking i n t o  account t h e  p o s s i b i l i t i e s  of s i g n a l  amplification. 

Thus, t h i s  system m a k e s  possible  automatic r e g i s t r y  o f  t h e  axial fo rce  and 

deformations. The r e s u l t s  of t h e  experiments are presented i n  t h e  form o f  

oscillograms. Comparison with t h e  r e s u l t s  of measurements made with o t h e r  measure­

ment systems (for example, when using a dynamometer-type r i n g  with s t r a i n  gauges L8 
f o r  r e g i s t e r i n g  t h e  load fo rce )  i n d i c a t e s  t h e i r  good agreement. 

Further processing of t h e  r e g i s t e r e d  oscil lograms m a k e s  it possible  t o  

construct  I1stress-strain” diagrams from which by well-known graph a n a l y s i s  

methods it is possible  t o  determine t h e  compression s t rength,  elastic l i m i t ,  

e l a s t i c  modulus of t h e  first kind, p l a s t i c i t y  coe f f i c i en t ,  etc. 

Tensi le  s t r eng th  tests of rocks can be made by d i r e c t  and i n d i r e c t  methods. 

When using t h e  d i r e c t  method based on t h e  d i l a t a t i o n  o f  t h e  sample (rod)  

i n  t h e  d i r ec t ion  of i t s  a x i s  i t  is  d i f f i c u l t  t o  ensure a uniform s t r e s s e d  state 

i n i h e  middle of t he  sample. In  addi t ion,  bending stresses can arise during 

t h e  tests. 

The i n d i r e c t  method (core f r a c t u r i n g )  m a k e s  it possible  t o  determine the  

index of r e s i s t ance  of rocks t o  d i l a t a t i o n  i n  a d i f f e r e n t  way. I n t h i s  case t h e  

rock sample is placed under t h e  p r e s s  p l a t e  along t h e  diametral  ( i n  a case when 

cy l ind r i ca l  samples are used) plane and compressive load is t e s t ed .  The method 

is based on so lu t ion  of t h e  Hertz problem i n  e l a s t i c i t y  theory concerning the  

d i s t r i b u t i o n  of stresses i n  a t h i n  c i r c u l a r  disk compressed along t h e  diameter 

by two forces .  In  determining t h e  t e n s i l e  s t rength f o r  f r a c t u r i n g  o f  rocks 

4 



having a Poisson coe f f i c i en t  0.1 t o  0.25 t h e  following formula is used [6]: 

P 
=ten = F' kg/cm 

3 
i (1.1) 

where 

P is t h e  fo rce  a t  which t h e  sample is fractured,  kg; 

F is t h e  area of t h e  diametral plane of t h e  sample ( t h e  product of t he  

length and diameter of t he  sample), c m  
2. 

Heating of t h e  sample p r i o r  t o  t h e  test i s  by one of t h e  two v a r i a n t s  

described above. 

The indentat ion of a punch can be used i n  studying the  effect o f  temperature 

on rock hardness. In t h i s  case t h e  tes t  method described i n  d e t a i l  i n  [l] is  as  

follows. 

The punch i s  placed on t h e  rock sample and t h e  press  r a m  i s  r a i s e d  t o  the  

s top i n  t h e  lower base of t h e  upper p r e s s  support. Then the  sample is loaded 

and the  penetrat ion of t he  punch is reg i s t e red .  

In t h i s  case t h e  index of rock hardness i s  t h e  maximum force on t h e  punch 

r e l a t e d  t o  a u n i t  surface of i ts  end plane a t  t h e  time of t h e  first chipping 

off  of t he  rock: 

'punch = E ' (1 .2 )  
S 

where 
2 

'punch i s  hardness under t h e  punch, kg/mm ; 

P is t h e  load a t  t he  t i m e  of chipping o f f  of t h e  rock, 

S is the punch area,  mm . 
kg;

2 

In t e s t i n g  samples by the punch indentat ion method it is  best  t o  use a L9 
UMTP-3 instrument f o r  which t h e  l fs t ress-s t ra inl l  curves are automatically 

regis tered.  Hard a l l o y  cy l ind r i ca l  or conical punches are used, depending on 

t h e  rock hardness. The r e s u l t i n g  deformation curves are used i n  determining 

indentation hardness, y i e l d  stress and t h e  conventional p l a s t i c i t y  coe f f i c i en t  

c11. 

A n  important problem i n  t e s t i n g  rock samples a t  high temperatures is t h e  

choice of a r a t i o n a l  t i m e  f o r  holding t h e  sample, heated t o  a d e f i n i t e  tempera­

ture ,  i n  t h e  furnace f o r  t he  purpose o f  c r ea t ing  a uniform temperature d i s t r i ­

bution within it. Experimental i nves t iga t ions  revealed t h a t  t h e  t i m e  

5 



dependence o f  compression s t r eng th  o f  rock samples heated t o  a d e f i n i t e  tempera­

t u r e  changes sharply (up t o  30 t o  50%) during t h e  i n i t i a l  heating period (up t o  

20 t o  30 minutes); with f u r t h e r  heating t h e  s t r eng th  remains almost constant. 

Accordingly, it is  recommended t h a t  t h e  sample be held i n  a heating device for 

20 minutes or more p r i o r  t o  t e s t ing ,  with t h e  provision t h a t  t h e  heating tempera­

t u r e  be kept constant [7]. 

The experimental r e s u l t s  show t h a t  t he  nature  of change i n  t h e  s t r eng th  

p rope r t i e s  of rocks is not  common f o r  a l l  types of rocks. Depending on the  

p e c u l i a r i t i e s  of t he  mineralogical composition and s t r u c t u r a l  bonds i n  t h e  rocks 

t h e  change i n  t h e  s t r eng th  p rope r t i e s  during heating occurs i n  accordance with 

d i f f e r e n t  l a w s .  In  t h i s  case t h e  nature  of t h e  dependence on temperature f o r  

d i f f e r e n t  s t rength ind ices  (compression and t e n s i l e  s t rength,  hardness, etc. 

obtained f o r  the s a m e  rock usua l ly  coincides. 

Study of  t h e  e f f e c t  of high temperatures on s t rength ind ices  m a k e s  it 

possible  t o  c l a s s i f y  a l l  rocks i n t o  groups on the  b a s i s  of  t h e  nature  o f  tempera­

t u r e  dependence : 

rocks i n  which t h e  s t r eng th  indices  increase t o  some maximum with a 

temperature increase and then decrease; 

rocks i n  which with a temperature increase t h e  s t r eng th  ind ices  

immediately decrease o r  change l i t t l e  io c e r t a i n  temperatures and then decrease. 

It  should be noted t h a t  i n  rocks i n  t h e  first group during t h e  i n i t i a l  

period ( t o  a temperature of  100 t o  1 6 0 0 ~ )some decrease i n  s t r eng th  ind ices  is 

a l s o  usual ly  observed. 

For example, t he  first group includes qua r t z i t e ,  sandstone and se rpen t in i t e ;  

t h e  second group includes limestone, su l fu r i zed .ores,  a p a t i t e  ore,  etc. 

Rock tests f o r  hardness [l] with a temperature change from 20 t o  4O0-600~~ 
revealed t h a t  t he  hardness o f  Shokshinskiy qua r t z i t e ,  quartzy sandstone, and 

microclinic g ran i t e  i nc reases  somewhat, whereas t h e  hardness of  microgabbro 

remains almost unchanged. 

I t  w a s  a l s o  e s t ab l i shed  t h a t  t h e  r e l a t i v e  increase i n  t h e  hardness of mono- L10 
mineral rocks (Shokshinskiy q u a r t z i t e )  w a s  somewhat higher  than f o r  polymineral 

rocks . 
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Figure 3 shows t h a t  f o r  rocks i n  t h e  first group the re  is a c h a r a c t e r i s t i c  

t fcr i t ical’ t  temperature region i n  which t h e  s t rength ind ices  a t t a i n  a maximum 

value. For example, for sandstones t h e  t e n s i l e  s t rength increased by a f a c t o r  

of approximately 1.6 with a temperature change t o  8 0 0 0 ~i n  comparison with room 

temperature and then decreased. A marked s t rength increase is observed a t  

temperatures 600 t o  8 0 0 0 ~ .  A t  still higher temperatures p l a s t i c  deformations 

appear i n  t h e  rocks, r e s u l t i n g  i n  f r ac tu r ing .  One o f  t h e  f a c t o r s  indicat ing a 

p l a s t i c  nature  of destruct ion is t h e  absence of the c h a r a c t e r i s t i c  cracking and 

breaking away of pieces a t  t he  t i m e  of destruction. 

Figure 3 .  	 Graphs of  dependence of change i n  compression 
s t r eng th  ( a )  and t e n s i l e  s t rength ( b )  on 
temperature: 1- sandstone; 2- gabbro ; 
3- marble. 
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TABLE 1. 	 CHANGE I N  COMPRZSSION STRENGTH WITH HEATING 
OF ROCKS FROM THE ROZDOL'SKOYE DEPOSIT 

. -

Rocks 


.. 

Hard su l fu r i zed  limestone, o r e  
type - druse-phenocrystic 
perpendicular t o  s t r a t i f i c a t i o n  

Hard unsul fu r i zed  limestone, 
perpendicular t o  s t r a t i f i c a t i o n  

- .- . - . - .­

b e n s i t y  I poros i ty  Compression s t rength 

I 1 
- 1  

2.49 5-36 90 

2.72 14.0 461 

Hard gray unsulfurized banded l i m e ­ 

s tone ,  p a r a l l e l  t o  s t r a t i f i c a t i o n  2.51 5.95 > 2 0  


Hard gray su l fu r i zed  limestone, 

p a r a l l e l  t o  s t r a t i f i c a t i o n  2.38 8.41 > 2 0  


In  t h e  second group o f  rocks t h e  decrease i n  s t r eng th  with heating can be L l l  
a t t r i b u t e d  i n  p a r t  t o  chemical transformations i n  t h e  presence of admixtures 

which are s l i g h t l y  r e s i s t a n t  t o  heating. For example, limestone, consis t ing 

f o r  t he  most p a r t  of CaCO3' 
l o s e s  s t r eng th  as a result of decomposition and 

release of CO2: 

CaCO3 -- CaO + C02. (1.3) 

The presence of s u l f u r  admixtures i n  limestones l eads  t o  a decrease i n  

s t r eng th  even with heating of 130 t o  1 5 0 ° C  (Table 1). 

A major r o l e  i n  reducing t h e  s t rength 
K 

i nd ices  of rocks with heating is a l s o  

played by t h e  na tu ra l  p l a s t i c i t y  o f  rocks 

preventing an inc rease  i n  t h e  breaking 

p o i n t s  and developing under t h e  influence 

"0 ZOO W O  600 5°C of high temperatures. Figure 4 shows 

Figure 4. 	 Graph of dependence of 
t h e  dependence of p l a s t i c  deformations 

change i n  p l a s t i c  de- of marble on temperature. In  t h i s  case 
formations of marble on p l a s t i c i t y  i s  estimated from t h e  p l a s t i ­
temperature. 

c i t y  coe f f i c i en t ,  equal t o  t h e  r a t i o  of 
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work i n  t h e  region of p l a s t i c  deformations t o  t h e  t o t a l  work o f  deforniations on 

t h e  "load-deformationlf diagram obtained during simultaneous r e g i s t r y  o f  loads 

and deformations by t h e  method described above. 

This nature  o f  t h e  development o f  p l a s t i c  deformations i n  marble during 

heating corresponds t o  t h e  nature  of change i n  e l a s t i c i t y  i n  t h i s  s a m e  tempera­

t u r e  range. 

Reasons f o r  Change i n  Rock Strength 
a t  High Temperatures 

The nature  o f  change i n  t h e  s t r eng th  c h a r a c t e r i s t i c s  of rocks a t  high 

pressures  is  influenced by external  and i n t e r n a l  f ac to r s ,  among which minera­

log ica l  composition, propelrties of s t r u c t u r a l  bonds and bedding conditions are 

decisive.  However, i n  most cases it is impossible t o  i s o l a t e  any s i n g l e  decis ive 

f a c t o r  even f o r  rocks o f  t h e  same type (Table 2)'. 

The na tu re  of change i n  rockrstrength with a temperature increase is 

dependent on t h e i r  s t r u c t u r a l  c h a r a c t e r i s t i c s ,  thermal s t a b i l i t y  of minerals 

and cements cons t i t u t ing  t h e  rock, and o the r  f ac to r s .  

In t h e  case of ho loc rys t a l l i ne  rocks t h e  mechanism of decrease i n  s t r eng th  

with heating can be a t t r i b u t e d  t o  a change i n  t h e  r o l e  of d i f f e r e n t  f a c t o r s  i n  

t h e  s t r u c t u r e  accompanying a temperature increase (Figure 5) .  

Assuming t h a t  during t h e  heating o f  rocks t h e i r  s t r eng th  changes as a 

function of t he  hardening or softening of minerals and t h e i r  boundaries, t h e  

e n t i r e  heating s c a l e  can be divided i n t o  t h r e e  regions with t h e  i n i t i a l  boundary 

temperatures T0' T1 and T2' According t o  t h e  r e s u l t s  of numerous experiments, L12 
each of t he  regions can be character ized as follows: 

first temperature region ( T  -T
0 1

) :  t h e  dependence of rock s t r eng th  

on temperature is determined by t h e  thermal s t a b i l i t y  of minerals; 

second temperature region (T -T
1 2

) :  t h e  dependence of rock s t r eng th  

on temperature is determined by t h e  state of t h e  boundary between t h e  minerals; 

t h i r d  temperature region (T2 + 03): t h e  nature  o f  t h e  change i n  rock 

s t rength is determined by the change i n  mineral strength.  

~ . .  . . .  . . . .  . .-~ ~ _ _ _ _  

1. 	 The experimental da t a in  Tables 1 and 2 w e r e  provided by Engineer 0. N. 
T r e t  f yakov . 
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The possible  nature  o f  changes i n  the  s t r eng th  i n d i c e s  o f  d i f f e r e n t  rock 

types can be postulated on t h e  b a s i s  o f  t h i s  c l a s s i f i c a t i o n .  

If the change i n  rock s t r eng th  during heating is examined with t h i s  

hypothesis i n  mind, t h e  rocks i n  which t h e  s t rength o f  t h e  component minerals 

decreases sharply i n  t h e  first temperature region should already be destroyed 

a t  a r e l a t i v e l y  low temperature and the boundaries between t h e  minerals should 

exh ib i t  a very s l i g h t  r e s i s t ance .  For example, such a mechanism can explain t h e  

decrease i n  s t r eng th  with t h e  heating of limestones i n  which t h e  decomposition 

of minerals occurs a t  r e l a t i v e l y  low temperatures. 

However, i f  t h e  s t r eng th  of rocks with 

A heating t o  temperatures corresponding t o  
\ 

t h e  boundary of t h e  first temperature region 

does not decrease and t h e  component minerals 

have a high thermal s t a b i l i t y ,  with a 

f u r t h e r  temperature increase, t h a t  is, i n  

t h e  second temperature region, t he  nature  

-P 1 I of s t rength change w i l l  be determined f o r  
w I -

lo 7, r2 J t h e  most p a r t  by t h e  state o f  t h e  boundary Ll3 
between t h e  minerals. The following 

Figure 5. Diagram o f  effect o f  phenomena are c h a r a c t e r i s t i c  f o r  rocks 
d i f f e ren t  f a c t o r s  on rock s t r eng th  whose s t rength i n  a high-temperature f i e l d
during heating: 1- boundary be­
tween minerals; 2- mineral. is determined by f a c t o r s  corresponding t o  

TABLE 2. 	 CHANGE I N  COMPRESSION STRENGTH O F  APATITE ORES FROM 
THE ~HZBINSKOYE DEPOSITDURING HEATING 

~~. 

Fbck 
Iensity y, Porosi ty  P j  

I 
Heating temperature, 

g/ cm3 % O C  
P 

300 
-- . 

U r t i t e  2.92 12.6 298 227 353 
Poor o r e  p a r a l l e l  t o  s t r a t i f i c a t i o ~  2.87 5.55 904 606 270 

Poor o r e  perpendicular t o  s t ra t i - 2.93 
f i c a t  ion 

14.6 935 535 -

.. 

Rich o r e  3 - 1 9.6 643 1051 418 

l o  



t h e  second temperature region. With a temperature increase the re  is thermal 

expansion of minerals having d i s s imi l a r  values o f  t h e  coe f f i c i en t  o f  l i n e a r  

thermal expansion i n  d i f f e r e n t  crystal lographic  direct ions.  Volume expansion 

of t he  minerals forming t h e  rock l eads  t o  a decrease i n  the dis tance between t h e  

i n t e r f a c e s  of t h e  individual minerals and an increase i n  t h e i r  mutual a t t r a c t i o n .  

In  t h i s  case t h e  s t rength o f  t h e  bonds inc reases  and therefore  t h e  s t rength 

p rope r t i e s  of rocks a l s o  are increased t o  a d e f i n i t e  l i m i t .  A t  t h e  s a m e  t i m e ,  

anisotropy of t he  minerals l eads  t o  a gradual development o f  re laxat ion phenomena 

a t  the  boundary between t h e  minerals. Nonuniformly increasing with a temperature 

increase,  these phenomena become fundamental a t  a d e f i n i t e  s t a g e  and lead the  

rock t o  destruct ion.  However, t h e  effect of thermal o s c i l l a t i o n  of atoms a t  

these temperatures is  still too s m a l l  t o  break t h e  bonds within t h e  minerals. 

A s i m i l a r  mechanism determines t h e  nature  o f  s t r eng th  change i n  such minerals 

as g ran i t e s  and qua r t z i t e s .  However, f o r  cemented rocks t h e  mechanism explaining 

t h e  nature  of change i n  t h e  temperature dependence is fa r  more complex. 

Effect  of Cooling on the  Strength of 
-~~Preheated Rocks 

This m a t t e r  is of great p r a c t i c a l  i n t e r e s t  because it is  c h a r a c t e r i s t i c  f o r  

t h e  thermal and electrothermal f r ac tu r ing  of rocks i n  flooded boreholes and a l s o  

f o r  t h e  thermomechanical f r ac tu r ing  methods. 

The following cases of change i n  t h e  s t rength of preheated rocks during 

t h e i r  subsequent cooling can be dis t inguished:  

1) cooling i n  a i r ;  

2) cooling i n  w a t e r .  

I t  w a s  e s t ab l i shed  t h a t  Slow cooling of a preheated rock i n  the a i r  

does not s i g n i f i c a n t l y  reduce its strength increase acquired during t h e  heating 

process. This can be a t t r i b u t e d  t o  the f a c t  t h a t  t h e  bond between minerals 

increasing during heating i s  a l so  p a r t i a l l y  r e t a ined  i n  a gradually cooled rock. 

During rapid cooling of a rock, and p a r t i c u l a r l y  with cooling i n  t h e  w a t e r ,  

t h e  following phenomenon is  observed. Abrupt cooling o f  a heated rock i n  a 
s t r e s sed  state l eads  t o  an instantaneous ( 1 1  dynamic" ) compression o f  t he  minerals 

i n  t h e  surface layers .  The nonuniformity of t he  s t r e s sed  f i e l d  is i n t e n s i f i e d  

and as a r e s u l t  t h e  i n t e r c r y s t a l l i n e  bonds are broken, t h a t  is, microcracks 
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appear and these  l e s sen  t h e  s t r eng th  p r o p e r t i e s  o f  t h e  rocks. 

The s t r eng th  of preheated rocks is more in t ens ive ly  reduced under the 

inf luence o f  abrupt cooling by w a t e r .  I n  t h i s  process microcracking develops 

as a r e s u l t  o f  rapid cooling, and i n  add i t ion  t h e r e  is an add i t iona l  destruct ion 

due t o  wetting and adsorption. 

The adsorption f l u i d  ( w a t e r )  pene t r a t e s  through minute micro-

cracks i n  t h e  surface l a y e r  i n t o  t h e  depths of t h e  rock and produces a wedge 

effect, thereby weakening t h e  intermolecular bonds between t h e  in t e r f aces .  The 

microcracking forming during abrupt cooling, i n  combination with t h e  w a t e r  wedge 

and adsorption effect ,  r e s u l t s  i n  a considerable weakening i n  rock strength.  

pHi-1- -r r --I- 1 - -1 I 
The experiments reveal  [8] t h a t  with 

rz abrupt w a t e r  cooling of rocks pre-
I1 heated t o  a temperature of 600°C t h e i r  
10 
9 s t r eng th  p rope r t i e s  are reduced by a f a c t o r  
8 
7 

6 I t  should be noted t h a t  during in t e r -

of two o r  more. 

250 400 5ffff 600 700 8ffU TpC ac t ion  between w a t e r  and heated rock the  

Figure 6. physical  process of s t r eng th  weakening isE f f e c t  of rock heat ing 
on change i n  pH of cooling medium: accompanied by a chemical process leading 
1- fe ldspa th i c  horneblende; 

2- marble; 3- gran i t e ;  4- grano-

t o  t h e  formation of a l k a l i n e  solut ions.  


d i o r i t e .  The formation of so lu t ions  occurs more 


r ap id ly  with an inc rease  i n  heating 

temperature of d i f f e r e n t  rocks (marble, grani te ,  granodiorite,  and o t h e r s ) .  

Figure 6 i s  a graph showing t h e  dependence of pH, an evaluation o f  t h e  degree of 

formation o f  an a l k a l i n e  solut ion,  on rock heating temperature [ 8 ] .  

on the  Strenath Indices  of Rocks 

This problem is of p r a c t i c a l  i n t e r e s t  i n  working minerals a t  great depths, 

during t h e  d r i l l i n g  o f  deep holes,  and i n  o t h e r  cases i n  which a d i f f e r e n t  

combination of pressures  and temperatures is encountered (hydros t a t i c  pressure 

v a r i e s  from 0 t o  2000 t o  3000 kg/cm2 and temperature from room temperature t o  

200-500°C). Geologists and geophysicists are a l s o  devoting much a t t e n t i o n  t o  

t h i s  matter [9]. 
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Special  apparatus is used i n  t e s t i n g  rocks under t h e  j o i n t  inf luence of 

high temperatures and pressures.  One of them (Figure 7 )  described by D. G r i g g s  

[lo], m a k e s  it poss ib l e  t o  develop a pressure up t o  5000 kg/cm2 with a tempera- L15 
t u r e  change up t o  800°C.  A rock sample i s  placed within a high pressure chamber 

f i l l e d  with nitrogen, argon o r  carbon dioxide which are used i n  imparting 

d i f f e r e n t  pressures  t o  t h e  s-ample during simultaneous i n t e r n a l  heating of t h e  

lat ter.  

Studies  have shown t h a t  heating a t  a constant hydrostat ic  pressure exerts 

a d i f f e r e n t  effect on d i f f e r e n t  types o f  rocks. 

Most rocks exh ib i t  a decrease i n  t e n s i l e  s t rength with a temperature increase;  

some of them are a l s o  character ized by a p l a s t i c i t y  increase. 

Figure 8 i l l u s t r a t e s  t h e  dependence of t h e  s t rength and deformation 

c h a r a c t e r i s t i c s  of rocks on temperatures a t  hydros t a t i c  pressure (about 1000 

kg/cm 
21; these curves w e r e  constructed using data  given i n  [ll]. 

f 
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a \ 64 
P I ,  7 
0 zI/ 150 o r  

temperature temperature 

Figure 7. Apparatus f o r  t e s t i n g  rocks Figure 8. Curves f o r  t h e  dependence 
a t  hydros t a t i c  pressure up 
t o  5000 kg/cm2 and tempera­
t u r e s  up t o  800OC: 1- rock 
sample; 2- heating c o i l ;  
3- pyrophyl l i te  l i n i n g ;  
f+ thermocouple; 5- punch; 
6- cooling c o i l ;  7- i n l e t  
f o r  compacting pressure;  
8- i n l e t  f o r  working pressure;  
9- electric lead-in f o r  thermo­
couple; 10- electric lead-in 
f o r  heating c o i l .  

o f  t e n s i l e  s t rength (a )  and 
p l a s t i c  deformation ( b )  o f  
rocks on temperature f o r  
hydros t a t i c  pressure of 
1000 kg/cm2: 1- Yulfskiy 
marble; 2- limestone; 
3- anhydrite;  4- a l e u r o l i t e ;  
5- dolomite; 6- clay shale;  
7- sandstone. 
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A t  a constant heating temperature t h e  boundary between b r i t t l e  and p l a s t i c  

behavior of rocks varies as a function o f  t h e  appl ied pressure and t h e  type o f  

deformation (compression o r  d i l a t a t i o n ) .  For example, inves t iga t ions  on l i m e ­

s tones a t  a constant temperature and with d i f f e r e n t  hydros t a t i c  pressures  [12] 

revealed t h a t  during d i l a t a t i o n  p l a s t i c  flow occurs a t  a higher  hydros t a t i c  

pressure than during compression. The t r a n s i t i o n  f r o m  b r i t t l e  f r ac tu r ing  t o  

p l a s t i c  deformation occurs a t  lesser hydros t a t i c  pressures  when t h e  temperature 

is increased. 

2. Elast ic  P rope r t i e s  of Rocks 

Rock e l a s t i c i t y  is  character ized by: t h e  elastic modulus (Young*s modulus) 

E, representing t h e  p ropor t iona l i t y  f a c t o r  between t h e  e f f e c t i v e  longi tudinal  

stress and t h e  corresponding r e l a t i v e  s t r a i n ;  t h e  shear  modulus G, relating 

shearing stress and shear  deformation; t h e  modulus o f  hydros t a t i c  pressure K, 

which i s  a p ropor t iona l i t y  f a c t o r  between hydros t a t i c  pressure and t h e  relative 

decrease i n  volume; t h e  Poisson coe f f i c i en t  p, which is proport ional  t o  relative 

longi tudinal  extension and lateral  contract ion of the sample. 

The ind ices  of rock e l a s t i c i t y  f o r  rocks are r e l a t e d  t o  one another by t h e  

following expressions: 

EK =  3 (I-2p) ’ 

Rock e l a s t i c i t y  is dependent f o r  t h e  most p a r t  on e l a s t i c i t y  of t h e  a m ­

ponent minerals, density9 po ros i ty  and o the r  f ac to r s .  

Rock e l a s t i c i t y  e x e r t s  a great influence on rock d e s t r u c t i b i l i t y ,  which 

under thermal or electrophysical  inf luences is determined by t h e  i n t e n s i t y  of 

developing thermoelastic s t r e s s e s .  These stresses a t  any po in t  of the volume 

t o  be destroyed are dependent on temperature d i s t r ibu t ion ,  body configuration 

and physical constants:  e las t ic  modulus E, coe f f i c i en t  o f  l i n e a r  expansion 8, 
and Poisson coe f f i c i en t  p.  I n  addi t ion t o  heat  conductivity, t h e  elastic 

modulus and coe f f i c i en t  o f  l in-ear  expansion are of t h e  g r e a t e s t  i n t e r e s t .  

When computing thermoelastic stresses it is usua l ly  assumed t h a t  t h e  physi­

ca l  p rope r t i e s  o f  t h e  rocks are not  dependent on temperature. I n  a c t u a l i t y ,  
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t h i s  assumption can be considered co r rec t  only i n  a r e l a t i v e l y  s m a l l  range of 

temperature change and then not  f o r  a11 rocks. For t h i s  reason study o f  t h e  

elastic p r o p e r t i e s  o f  rocks a t  high temperatures (and p a r t i c u l a r l y  i n  t h e i r  

temperature dynamics) is o f  great p r a c t i c a l  and t h e o r e t i c a l  importance. 

Acoustic and u l t r a s o n i c  research methods have been used extensively re­

cent ly  i n  studying t h e  elastic p rope r t i e s  of rocks as a function o f  temperature. 

Under s t i p u l a t e d  test conditions t h e s e  are t h e  only ones employable f o r  m e a ­

sur ing unrelaxed elastic parameters o f  rocks. 

Despite its timeliness,  t h e  study o f  t h e  effect of temperature on t h e  

elastic p r o p e r t i e s  o f  rocks has not  been given adequate a t t en t ion .  

Invest igat ions of t h i s  problem have found p r a c t i c a l  app l i ca t ion  i n  solving 
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problems i n  geophysics and geology Cl3, 141. 

Methods f o r  Determining t h e  Elast ic  P rope r t i e s  
of Rocks a t  Hiah Temeratures  

S t a t i c  and dynamic methods can be used f o r  invest igat ing 

p rope r t i e s  of rocks i n  a temperature f i e l d .  

I n  t h e  s ta t ic  test method t h e  measurement problem reduces 

t h e  change i n  t h e  size of rock samples under t h e  influence of 

stresses. 

t h e  e l a s t i c  

t o  determining 

t h e  appl ied 

The s ta t ic  e l a s t i c  moduli are determined during compression o r  d i l a t a t i o n  

of t h e  samples exposed t o  uniform heating. The e l a s t i c i t y  parameters are com­

puted with a low accuracy. The p r inc ipa l  shortcoming of t he  s ta t ic  method is 

t h a t  t h e  e l a s t i c i t y  parameters are always relaxed, t h a t  is, superposed on purely 

elastic deformation the re  are deformations caused by creep and elastic 

l a g .  As a r e s u l t ,  e r r o r s  i n  computing the e l a s t i c i t y  parameters increase 

with a temperature increase.  

I n  addition, t h e  e l a s t i c i t y  ind ices  determined by s ta t ic  methods are 

dependent on t h e  duration o f  t h e  tests and t h e  nature  of t h e  loads. For t h i s  

reason static methods are almost never used i n  studying e l a s t i c i t y  ind ices  i n  a 

high-t emperature f i e l d .  

I n  s t u d i e s  o f  rocks a t  high temperature increasing use i s  being made of 

dynamic tes t  methods and e spec ia l ly  acous t i c  and u l t r a s o n i c  methods. 
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Dynamic test methods are based on t h e  physical phenomenon o f  propagation 

of elastic o s c i l l a t i o n s  i n  rocks. 

Dynamic research methods have t h e  following advantages: 

absence of any des t ruc t ive  effects on t h e  t e s t ed  sample ( t h e  i n t e n s i t y  

of t h e  used o s c i l l a t i o n s  is t e n t h s  and hundredths W/cmz); 

p o s s i b i l i t y  o f  an unlimited r e p e t i t i o n  of tests, thereby increasing 

t h e  accuracy of t hese  indices;  

r a p i d i t y  o f  t he  tests and t h e  v i r t u a l l y  llinstantaneousll a v a i l a b i l i t y  

o f  t h e  r e s u l t s ;  

p o s s i b i l i t y  of i nves t iga t ing  t h e  elastic and o t h e r  p r o p e r t i e s  i n  t h e i r  

temperature dynamics. 

A dist inguishing c h a r a c t e r i s t i c  of dynamic methods is t h a t  t he  test r e s u l t s  L18 
are obtained i n  t h e  form of i n d i r e c t  i nd ices  (ve loc i ty  o r  t i m e  of propagation 

of elastic waves, c h a r a c t e r i s t i c  frequency of sample o s c i l l a t i o n s ,  etc.). 

Resonance and u l t r a s o n i c  pulse  methods are t h e  most widely used test 

methods. 

Longitudinal o s c i l l a t i o n s  and f l e x u r a l  vibrat ions.  I n  t h i s  case t h e  

e l a s t i c i t y  modulus i s  determined using t h e  formulas [l5]: 
f o r  longi tudinal  o sc i1l a t i o n s  

for flexural v ib ra t ions  

E =1,639.10-8 ($)' 2 j 2
1 s a m r  

where 

1 ,  d, m are t h e  length,  diameter and m a s s  of t h e  sample; 

S a m  
i s  t h e  resonance frequency of sample o s c i l l a t i o n ,  H z ;  

p i s  rock density,  g/cm3. 

The experimental apparatus used f o r  each type of o s c i l l a t i o n s  v a r i e s  i n  

design C161. 

The apparatus schematically represented i n  Figure 9 h a s  come i n t o  broad use 

when using the  longi tudinal  o s c i l l a t i o n s  of a sample which is heated. 
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Figure 9. 	 Block diagram o f  resonance 
method f o r  measuring t h e  
elastic modulus f o r  longi­
tud ina l  o s c i l l a t i o n s  : 
1- sample; 2- furnace f o r  
heat ing;  3- magnetostriction 
v i b r a t o r ;  4- p i e z o e l e c t r i c  
transducer;  5- amplif ier ;  
6- osci l lograph;  7- quartz  
heterodyne; 8- power ampli­
f ie r ;  10- source of dc 
current ;  11- potentiometer 
f o r  measuring emf. 

Figure 10. 	 Block diagram o f  resonance 
method f o r  measuring elastic 
modulus f o r  f l e x u r a l  vibra­
t i o n s  : 
1- audio frequency osc i l ­
l a t o r ;  2- e m i t t e r ;  
3- sample; 4- receiver ;  
5- amplif ier ;  6- osc i l l o ­
graph; 7- thermal in su la t ion ;  
8- heating furnace; 
9- voltage s t a b i l i z e r .  

The sample, 1, arranged v e r t i c a l l y  i n  t h e  furnace, 2, is connected t o  the  Ll9 
magnetostriction o s c i l l a t o r ,  3 ,  placed i n  a tank through which w a t e r  flows. For 

r eg i s t e r ing  t h e  resonance t h e  sample o s c i l l a t i o n s  are t ransmit ted t o  t h e  piezo­

e l e c t r i c  transducer,  4, and then through t h e  amplifier,  5, t o  t he  oscil lograph, 

6. The frequency of t h e  o s c i l l a t i o n s  which can be created by t h e  o s c i l l a t o r  i n  

t h i s  case is 15 t o  50 kc/sec. 

Figure 10 is  a block diagram of t h e  apparatus f o r  measuring t h e  elastic 

modulus by the  resonance method. It  is based on measurement of t h e  resonance 

frequency of f l e x u r a l  v ib ra t ions  o f  a rod f ab r i ca t ed  from rock C14-J. The sample 

is placed by means of suspensions of t h i n  Nichrome w i r e  i n  t he  heating space 

of a demountable electric furnace with a heat  regulator .  A t  t h e  same t i m e  t h e  
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suspension members perform t h e  r o l e  o f  a coupling between t h e  o s c i l l a t i o n  exciter, 

rock sample and o s c i l l a t i o n  receiver .  The o s c i l l a t i o n  converters  are ou t s ide  

t h e  electric furnace. I n  addi t ion,  they are protected aga ins t  t h e  hea t  f l u x  

by special  screens i n  which w a t e r  c i r cu la t e s .  The accuracy i n  determining t h e  

elastic modulus by t h i s  method a t  high temperatures is  3 t o  8%. 

Resonance methods m a k e  possible  a r a t h e r  simple c rea t ion  of uniform heating 

conditions. However, experiments have shown t h a t  well-processed samples with 

i d e n t i c a l  geometric parameters must be se l ec t ed  f o r  t h e  tests. W e  should also 

mention t h e  d i f f i c u l t y  i n  taking i n t o  account t h e  e r r o r s  a r i s i n g  due t o  a decrease 

i n  t h e  q u a l i t y  of t h e  mechanical o s c i l l a t o r y  system. 

Pulsed u l t r a son ic  research methods have come i n t o  t h e  widest use f o r  t hese  

purposes; they m a k e  it possible  t o  ca r ry  out  measurements more simply and with 

a high accuracy. 

The methods f o r  determining u l t r a s o n i c  ve loc i ty  f o r  determining e l a s t i c i t y  

parameters remain t h e  s a m e  as a t  room temperatures. 

The v e l o c i t i e s  of propagation of elastic w a v e s  exc i t ed  by sonic o r  u l t r a ­

sonic o s c i l l a t i o n s  are dependent on t h e  elastic p rope r t i e s  o f  t h e  medium. 

Accordingly, t h e  elastic p rope r t i e s  of a homogeneous i s o t r o p i c  medium can be 

simply determined i f  some two v e l o c i t i e s  of elastic wave propagation are known. 

Rocks have e l a s t i c i t y  of volume and e l a s t i c i t y  of configuration and therefore  

they are capable of t ransmit t ing several  d i f f e r e n t  types o f  waves,  t h e  mosB 

important of which are longi tudinal ,  t ransverse and surface waves. 

The type of wave propagating i n  t h e  rock sample is determined by t h e  nature  

of t h e  exci ted o s c i l l a t i o n s ,  configuration of t h e  inves t iga t ed  sample, and its 

size i n  comparison with t h e  wavelength. 

The v e l o c i t i e s  of propagation o f  elastic w a v e s  are determined using t h e  

following formulas: 

ve loc i ty  o f  a longi tudinal  wave i n  an unbounded m e d i u m  (wavelength less than 

t h e  t ransverse dimensions o f  t h e  body) 

longi tudinal  wave ve loc i ty  i n  a t h i n  rod (wavelength is greater than the  
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t r ansve r se  dimensions o f  t h e  body) 

C ,  2:I/, hi m/sec; 

ve loc i ty  of t h e  t ransverse wave 

ve loc i ty  of t h e  surface wave 

where 
2

E is t h e  e las t ic  modulus, kg/cm 
2

G is t h e  shear modulus, kg/cm ; 

P is  t h e  Poisson coe f f i c i en t  ; 
n 

p is rock density,  kg/cm J . 

(1.10) 


(1.11) 


; 

The! r e l a t ionsh ip  between t h e  v e l o c i t i e s  of propagation o f  the longitudinal 

L' 
t ransverse cT and surface waves cR is as follows 

lfPuretllongi tudinal  and t ransverse waves are propagated only i n  very large 

bodies. 

If t h e  wavelength is commensurable with t h e  diameter of a sample having t h e  

configuration of a rod, sound dispers ion occurs. This can be a t t r i b u t e d ,  i n  

p a r t i c u l a r ,  t o  t h e  difference i n  longi tudinal  wave v e l o c i t i e s  i n  an unbounded 

medium and i n  a t h i n  rod, Usually t h e  difference between t h e  v e l o c i t i e s  of 

longi tudinal  waves i n  t h e  rock m a s s  and i n  a rod f o r  rocks averages 8 t o  15%. 

Among u l t r a s o n i c  research methods it is the  pulse  method which has come 

i n t o  t h e  widest use; it makes it possible  t o  determine t h e  propagation velo­

cities f o r  waves of d i f f e r e n t  types. Despite t h e  e l e c t r o n i c  instrumentation 

which is more complex than i n  resonance methods, measurements can be made i n  a 

wide frequency range. The measurement method is simple and r equ i r e s  l i t t l e  t i m e .  

The measurement accuracy is very high. 
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The essence o f  t h e  u l t r a s o n i c  pulse  method f o r  measuring t h e  v e l o c i t i e s  o f  

propagation of elastic waves i n  rock samples i s  as follows. Ultrasonic  pu l ses  

are continuously f e d  i n t o  t h e  inves t iga t ed  sample. They are received, amplified 

and fed t o  an i n d i c a t o r  which measures t h e  pulse  propagation t i m e .  The t i m e  f o r  

propagation o f  an u l t r a s o n i c  pu l se  through t h e  sample when t h e  dis tance between 

t h e  p i e z o e l e c t r i c  t ransducers  is known is used i n  judging t h e  v e l o c i t y  of elastic 

wave propagation i n  t h e  sample. 

The g r e a t  d i v e r s i t y  o f  apparatus systems employed i n  t h e  u l t r a s o n i c  pulse  

method is a t t r i b u t a b l e  t o  the  need f o r  creat ing uniform o r  nonuniform heat ing 

of samples i n  t h e  furnace. However, t h e  main reason f o r  c rea t ing  d i f f e r e n t  L21 
measurement methods is t h e  need for ensuring in su la t ion  of u l t r a s o n i c  emitters 

and de tec to r s  from thermal effects. 

Figure 11. 	 Block diagram of  u l t r a s o n i c  
pulse  echo method: 
1- master o s c i l l a t o r ;  
2- high-frequency pulse  
generator;  3- synchronizer; 
4- e l e c t r o n i c  o s c i1lograph; 
5- t i m e  m a r k  generator;  
6- piezocrystal ;  7- sample; 
8- a t t enua to r ;  9- amplif ier .  

I n  ac tua l  research t h e  following 

v a r i a n t s  of t h i s  method have come i n t o  

use : 

a system f o r  through propagation 

of u l t r a s o n i c  pu l ses  with nonuniform 

heating of t h e  sample E l i ’ ] ;  
a system based on t h e  echo method 

with samples of complex configuration 

[16] i n  which heat ing is  uniform; 

a system with through propagation 

of u l t r a s o n i c  pu l ses  with uniform 

heating of t h e  sample [18]. 

In  t h e  case of nonuniform heating 

t h e  ends of t h e  sample emerge from t h e  furnace and are cooled t o  a temperature 

c lose t o  room temperature. The dependence of t h e  e l a s t i c i t y  ind ices  on tempera­

t u r e  is inves t iga t ed  from t h e  nature  of temperature d i s t r i b u t i o n  along t h e  

sample and from t h e  ve loc i ty  of elastic wave propagation. Graphs of temperature 

d i s t r i b u t i o n s  are constructed and the  mean t i m e  of propagation of o s c i l l a t i o n  

along t h e  sample i s  measured f o r  f inding t h e  ultrasound ve loc i ty  f o r  each 

temperature segment. 

The p r inc ipa l  shortcomings of t h i s  system are a need f o r  using long samples 



and t h e  complexity of measurement computations; t h i s  is q u i t e  unsuitable ?or 

an i so t rop ic  and inhomogeneous rocks. 

The echo method employed extensively i n  sounding (Figure 11) is used i n  

measuring samples which have been uniformly heated. The essence of t he  method 

is as follows: u l t r a s o n i c  pu l ses  emitted by a p i e z o e l e c t r i c  t r ansmi t t e r  (quartz)  

pass  through t h e  sample, are r e f l e c t e d  from its opposite end, and are again 

returned t o  t h e  p i e z o e l e c t r i c  transducer. When t h e  sample length is  known it is  

easy t o  determine t h e  ultrasound velocity.  

If one of t he  sample ends has a s t e p l i k e  configuration, by measuring t h e  

t i m e  i n t e r v a l  between two pu l ses  r e f l e c t e d  from t h e  beginning and end of t h e  

step,  assuming t h a t  its length is known, it is possible  t o  determine t h e  ve loc i ty  

of t h e  u l t r a s o n i c  wave i n  t h e  heated sample segmedt. 

Despite i ts s impl i c i ty  and o r i g i n a l i t y ,  t h i s  system is not very promising 

f o r  studying t h e  dependence of t he  e l a s t i c  p rope r t i e s  of rocks on temperature. 

The rock physics laboratory a t  the  Moscow Mining I n s t i t u t e  has developed 

an ultrasound system with uniform sample heating and on the  b a s i s  of t h e  u l t r a ­

sonic pulse  method has created an apparatus f o r  i nves t iga t ing  t h e  elastic modulus 

E i n  a great temperature range (0 t o  900°C). 

Figure 12 is  a block diagram o f  an apparatus f o r  determining t h e  elastic 

modulus of rocks during heating. 

The sample t o  be t e s t e d  is placed i n  t h e  middle of an e l e c t r i c  furnace and 

is connected by means of spec ia l ly  i n s e r t e d  mechanical holders w i t h  p i ezoe lec t r i c  

transducers placed on opposite s ides  of t he  axis .  The holders ,  which a r e  fused 

quartz  rods, are up t o  10-12 c m  long. Between 1.5 and 2 c m  of the rod is ins ide  

t h e  heating furnace. 

This makes it possible  t o  place the  p i e z o e l e c t r i c  transducers outs ide t h e  

furnace and avoid heating of t h e  piezoelements above t h e  Curie point because t h e  

material  of t h e  holders has a very s l i g h t  heat  conductivity.  The diameter 

of t he  quartz  rods corresponds t o  the  t r ansve r se  dimension of t he  sample. 

The furnace i s  supplied current  from a LATR-1 laboratory autotransformer 

with an automatic temperature increase.  
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The sample heat ing temperature is measured with an e l e c t r o n i c  chart-

recording potentiometer which is connected t o  thermocouples s i t u a t e d  d i r e c t l y  

i n  t h e  furnace on t h e  sample. 

n 

Figure 12. 	 Block diagram of experimental 
apparatus f o r  determining 
e l a s t i c  modulus during heat­
ing: 1- sample; 2- quartz  
rods; 3- u l t r a s o n i c  piezo­
e l e c t r i c  transducers;  
4- u l t r a s o n i c  pulse  in s t ru ­
ment; 5- e l e c t r i c  furnace; 
6- autotransformer (LATR-1); 
7- electric micromotor; 
8- f ixed  potentiometer. 

The qua r t z  rods and the  sample 

t o  be t e s t ed ,  held between t h e  piezo­

e l e c t r i c  transducers,  form an acous t i c  

node through which t h e  u l t r a son ic  

wave is propagated. The acoust ic  

contact between t h e  rods and the  

sample is created as a r e s u l t  o f  

s t rong compression of spr ings s i t u a t e d  

on t h e  s a m e  axis behind the  trans­

ducers. 

The dis t inguishing character­

i s t i c  of t h i s  apparatus is  t h e  

introduct ion o f  fused quartz  rods as 

mechanical checks on ultrasound 

propagation. These make possible  

observations with uniform heating of 

t h e  sample i n  a broad temperature 

range. 

Fused quartz  is capable of s l i g h t l y  changing its e l a s t i c i t y  parameters 

during heating and expands af ter  repeated annealing and cooling. Experiments 

have shown t h a t  with heat ing of fused quartz  rods t o  a temperature of 500°C t h e  

t i m e  f o r  ultrasound t o  propagate 1 c m  of length changes by less than 0.1 psec 

i n  comparison with room temperatures. 

When p a r t  (2-3 c m )  of t h e  length o f  t h e  fused qua r t z  rods is i n  t h e  furnace, 

t h e  change i n  t h e  t i m e  of ultrasound propagation is 0 . 2  - 0 . 3  psec; t h i s  is 

approximately equal t o  t h e  accuracy i n  measurement by . the employed u l t r a son ic  

pulse instruments. Accordingly, t he  change i n  t h e  e las t ic  modulus i n  quartz  

rods can be neglected and t h e  change i n  t h e  ve loc i ty  of elastic wave propagation L23 

i n  a rock sample during heat ing can a l s o  be d i r e c t l y  r eg i s t e red .  

The length of t h e  t e s t e d  sample is se l ec t ed  i n  such a way as t o  create 

uniform heating i n  its length. Therefore, t h e  sample is 1.2 - 1.5 t i m e s  less 
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than t h e  width of t h e  furnace heating element, s e l ec t ed  i n  such a way t h a t  t h e  

change i n  ve loc i ty  of ultrasound propagation i n  t h e  sample is determined with 

an accuracy not less than 1 t o  396. Accordingly, samples 4 t o  6 cm i n  length 

w e r e  used i n  t h e  experiments. 

Sample diameter w a s  s e l ec t ed  i n  such a way t h a t  t h e r e  would be rapid 

heating with a temperature increase.  

I n  addi t ion,  t h e  diameter of t h e  samples must be several  t i m e s  less than 

t h e i r  length and less than t h e  length of t h e  u l t r a son ic  wave. I t  w a s  es tabl ished 

experimentally i n  [l9] t h a t  i n  o rde r  t o  register an u l t r a s o n i c  wave propagating 

i n  a sample a t  t h e  veloci ty  % it is necessary t o  use such samples f o r  which t h e  

r a t i o  of t he  diameter t o  t h e  wavelength d / l  does not exceed 0.1 t o  0.2. Table 

3 gives t h e  t ransverse dimension d of a sample f o r  determining longi tudinal  

wave veloci ty .  

TABLE 3 .  
~. . .  

Longitudinal wave 
veloci ty ,  m/sec 

_ _  

3000 

4000 

5000 

6000 

DETERMINING LONGITUDINAL WAVE VELOCITY I N  A ROD 
- -_ - __ 

Transverse dimension of sample ( c m )  with frequency 
of  u l t r a son ic  o s c i l l a t i o n s ,  k H z  

-. . .  ­

50 100 

1.2 0.6 

1.6 0.8 

2.0 1.0 

2.4 1.2 

The frequency o f  u l t r a s o n i c  o s c i l l a t i o n s  i n  t h e  experiments therefore  

a t t a i n e d  150 t o  200 kHz when t h e  sample diameter w a s  0.6 t o  1.2 cm.  

Ultrasonic pulse instruments are used i n  generating and receiving u l t r a ­

sonic o s c i l l a t i o n s .  

The p r inc ipa l  requirements imposed on these instruments are accuracy i n  

measuring t h e  propagation t i m e  f o r  an e las t ic  pulse  and t h e  p o s s i b i l i t y  of 

creat ing r e l i a b l e  ind ica t ion  and reading of t h e  received s ignal .  

The u l t r a s o n i c  pulse  instrument developed i n  t h e  rock physics laboratory 

i n  col laborat ion with t h e  All-Union S c i e n t i f i c  Research I n s t i t u t e  on Reinforced 
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Concrete, t h e  MIRGEN-1-U, m e e t s  t h e  requirements and i s  used extensively i n  high 

temperature experiments C Z O ]  . 
The u l t r a s o n i c  pulse  instrument is designed on t h e  b a s i s  o f  t h e  cable and 

l i n e  tester (1-6) standard produced by t h e  Soviet  e l e c t r o n i c s  industry.  

The operating p r i n c i p l e  f o r  t h e  MIRGEM-1-U instrument is s i m i l a r  t o  t h e  L24  

operation o f  o t h e r  u l t r a s o n i c  pulse  instruments. 

The MIRGEM-1-U instrument has t h e  following technical spec i f i ca t ions :  

1) reading method: measuring t h e  dis tance between t h e  sounding and 

received s i g n a l s  a t  t h e  t i m e  scale; 

2) range of measured t i m e  of ultrasound propagation: from 0.2 t o  

2500 psec; 

3 )  accuracy i n  measuring ultrasound propagation t i m e :  1%(from 20 

t o  2500 psec) ; 

4 )  sounding pulse  r e p e t i t i o n  rate: 50 and 25 Hz; 

5 )  t h e  instrument has th ree  operating ranges d i f f e r i n g  i n  screen scanning 

t i m e ,  scanning hold (maximum measured t i m e ) ,  c a l i b r a t i o n  t i m e  mark scale ,  

reading accuracy and s ignal  shape observed on a cathode-ray tube screen; 

6 )  s c a l e  of c a l i b r a t i o n  marks: i n  t h e  first and second ranges 2, 10 and 

50 p sec, i n  t he  t h i r d  range 10 and 50 psac; 

7 )  wide-band ampl i f i e r  with an amplif icat ion f a c t o r  not  less than 105 ; 

8)  current  from an ac network frequency 50 Ha, vol tage 220 V. 

The instrument ensures a high measurement accuracy due t o  the  introduct ion 

of a d i s c r e t e  electric delay l i n e .  

The operating p r i n c i p l e  f o r  t h e  delay l i n e  i s  a uniform-stepped delay 

with an accuracy of 0.2 psec of t h e  leading edge of t h e  received s ignal  t o  its 

matching with t h e  c loses t  t i m e  mark on t h e  cathode-ray tube screen. 

For working with short  samples the  instrument is supplied with a normalizing 

device ensuring t h e  most p rec i se  r e g i s t r y  of t h e  leading edge of t h e  u l t r a son ic  

pulse. In  t h i s  case t h e  leading edge o f  the u l t r a son ic  pulse  with an unclear 

onset is  a r t i f i c i a l l y  reduced t o  a shape with a s t eep  leading edge. 
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Figure 13. 	 Block diagram of  MIRGEM-1-U 
instrument: 1- uni t  f o r  
generating m a s t e r  pulses;  
2- e l e c t r i c  delay l i n e ;  
3- generator o f  sounding 
pulses;  4- emi t te r ;  5­
sample; 6- rece iver ;  
7- pulse  ampl i f ie r ;  8­
scanning u n i t ;  9- cathode­
ray tube; 10- normalizer; 
11- t i m e  mark un i t :  12­
current  source. 

Figure 13 shows a generalized 

block diagram of  t h e  MIRGEM-1-U u l t ra ­

sonic  pulse  i n s tnunent . 
The pulse  generator, being an 

in t eg ra l  p a r t  of  t h e  u l t r a son ic  ins t ru­

ment, c r ea t e s  and sends a pulse  t o  a 

t ransducer  where it is converted i n t o  

u l t r a son ic  osc i l l a t ions .  The pulse  

emitted by t h i s  transducer exc i t e s  L2.5 
u l t r a son ic  o s c i l l a t i o n s  i n  t h e  rod 

system present  i n  t h e  furnace (quartz  

rods - rock sample). These o s c i l l a t i o n s  

propagating along the  system, reach t h e  

p i ezoe lec t r i c  receiver .  Then t h e  

e l a s t i c  o s c i l l a t i o n s  a r e  converted i n t o  

e l e c t r i c  o sc i l l a t ions .  The o s c i l l a t i o n s  

are amplified i n  t h e  u l t r a son ic  instru­

ment and are f ed  t o  the  cathode-ray 

tube. The sounding (emitted) a n d  

received (propagated through t h e  sample) 

s igna l s  are r eg i s t e red  on i t s  screen. 

The t i m e  of  propagation of  t h e  u l t r a son ic  wave i n  t h e  rod system is measured 

using the  e l ec t ron ic  t i m e  scale on the  ind ica to r  tube screen. 

P i ezoe lec t r i c  p l a t e s  made from lead z i rconate- t i tana te  ceramic were used 

i n  t h i s  apparatus as the  source and rece iver  of  u l t r a son ic  o s c i l l a t i o n s .  These 

p l a t e s  have a Curie point  above 500°C.  Other p i ezoe lec t r i c  mater ia l s  (quartz,  

Rochelle sal t ,  barium t i t a n a t e ,  and o the r s )  can a l so  be used. However, t h i s  

requi res  some complications of  t he  design of  transducer housings. 

Table 4 gives  t h e  c h a r a c t e r i s t i c s  of p i ezoe lec t r i c  mater ia l s  used i n  t rans­

ducers i n  u l t r a son ic  invest igat ions.  

Despite t h e  s m a l l  value of t h e  Curie point  for some piezomaterials,  the  use 

of mechanical holders of fused quar tz  rods makes it poss ib le  t o  work with high 

temperatures. 
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TABLE 4. CHARACTERISTICS O F  PIEZOELECTRIC MATERIALS 
--. ~ ._ _  -_ _ _  --. - - - - -

Spec i f i c  wave Dielectri  Electro- P iew-
P iezoe lec t r i c  c rys t a l  r e s i s t ance  constant mechanical electric 

e counling constant e, 

sec coef f ic i  en 
K, % 

Y/V* m 

- - -

15.4 4.5  l o  e = 0.1711 

Rochelle sa l t  (45'' 
sec t ion)  4.3 9.4 29 

0.11/0.08 

Barium t i t a n a t e  ceramic 31.2 1000 t o  50 e33 = 16.7 
1200 

Lead z i rconate- t i tana te  35.0 1200 50 e33 = 16.7 

The method f o r  determining t h e  ind ices  of  rock e l a s t i c i t y  as a function of 

temperature is e s s e n t i a l l y  as follows: 

t h e  t i m e  t
0 

o f  propagation of  e las t ic  waves through t h e  acous t ic  node present  

i n  t h e  furnace (quar tz  rod - sample - quar tz  rod) i s  determined on the  cathode-

ray tube screen i n  t h e  u l t r a son ic  instrument; 

t h e  t i m e  f o r  propagation o f  elastic waves i n  t h e  inves t iga ted  sample during L26 

heat ing is determined using t h e  expression 

ti = to - trod' bsec (1.13) 

where 

trod 
is  t h e  t i m e  of  wave propagation through quar tz  rods; 

t h e  ve loc i ty  of  propagation o f  an u l t r a son ic  pulse  f o r  a known length 1 of 

t h e  sample a t  a s t i p u l a t e d  heat ing temperature is computed using the  formula 

cD' - t / t i ,  m/sec (1.14) 

The desired elastic modulus is computed using Eq. (1.9) f o r  determining 

t h e  ve loc i ty  of  e las t ic  waves as a funct ion o f  medium density.  

A s m a l l  improvement i n  design o f  t h e  pickup made it poss ib le  t o  c rea t e  

an apparatus f o r  simultaneous determination of  t h e  e las t ic  modulus and the  coef­

f i c i en t  of l i n e a r  expansion of rocks a t  high temperatures [ Z l ] .  
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Figure 14. 	 Instrument f o r  determining t h e  e l a s t i c  
modulus and coe f f i c i en t  of l i n e a r  thermal 
expansion f o r  rocks. 

The apparatus shown i n  Figure 14 makes it possible,  using a s ing le  sample, 

t o  register simultaneously its l i n e a r  expansion during heating and t o  pick up 

t h e  d t r a s o n i c  pulse  propagating through t h e  sample; t h e  s ignal  is converted 

i n  a p i ezoe lec t r i c  pickup i n t o  an e l e c t r i c  current.  The apparatus cons i s t s  of 

a p i ezoe lec t r i c  pickup, 1, a quartz  rod, 2, jack, 3 ,  f o r  t h e  high-frequency 

cable t o  t h e  u l t r a s o n i c  instrument, a p o s i t i v e  e l e c t r i c  contact,  4, t o  t h e  piezo­

e l e c t r i c  pickup, an in su la t ing  p l a t e ,  5, connecting pieces, 6, f o r  connecting 

a w a t e r  hose, mechanical s t r a i n  gauge indicator ,  7, moving rod, 8, spring, 9, 

supports, 10, and base p la te ,  11. 

The device f o r  cooling the  moving rod i s  f o r  preventing its heating. 

In t h i s  case t h e  quartz  rods prevent heating of t h e  p i ezoe lec t r i c  elements 

of t he  u l t r a s o n i c  converters and ensure d i r e c t  measurement of t h e  coe f f i c i en t  

of l i n e a r  expansion of t h e  invest igated rock sample. The sample, expanding 

during heating, imparts these changes t o  the quartz  rod; i ts  displacement 

r e l a t i v e  t o  the  i n i t i a l  pos i t i on  i s  used i n  determining l i n e a r  expansion. 

'The cce f f i c i en t  of l i n e a r  expansion f o r  fused quartz  changes i n s i g n i f i c a n t l y  L27 
a t  high temperatures. Accordingly, when p a r t  of  t he  length (2-4 cm) o f  a fused 

quartz rod i s  present i n  the  furnace ( t o t a l  length 20 cm o r  more) t h e  change 

i n  rod length can be neglected i n  computations of t he  coe f f i c i en t  o f  l i n e a r  rock 

expansion. 

Tne coe f f i c i en t  of l i n e a r  expansion f o r  t he  invest igated rock sample as a 

function of t h e  s t r a i n  gauge i n d i c a t o r  readings is  determined using the formula 



where 

1 .
I 

is sample length a t  t h e  &si red  temperature T 

f, is sample length a t  room temperature T0. 

i’ 

Repeated tests o f  t h e  described apparatuses when using a l a r g e  number of 

rock samples revealed t h a t  they operate  r e l i a b l y  and give a good agreement of 

r e s u l t s  with the earlier measured values of t h e  coe f f i c i en t  o f  l inear expansion 

and t h e  elastic modulus f o r  t hese  rocks determined by conventional methods. 

The accuracy i n  determining t h e  elastic modulus E with heating by t h i s  

method is dependent on: 

accuracy i n  measuring t h e  propagation t i m e  for u l t r a s o n i c  waves using a 

pulsed ultrasound instrument; 

effect of t h e  thermal expansion o f  a rock sample on its densi ty  and s i z e ;  

accuracy i n  thermocouple ca l ib ra t ion .  

The p r inc ipa l  f a c t o r  i n  t h i s  case is  accuracy i n  measuring t h e  propagation 

t i m e  for t h e  u l t r a s o n i c  pulse  i n  t h e  heated rod. 

When using t h e  MIRGEM-1-U pulsed instrument, t h e  accuracy i n  t i m e  measure­

ment is k0.2 I.1Sec. If t h e  t r a v e l  t i m e  f o r  an u l t r a son ic  pulse  through a sample 

is greater than 10 pSeC9 t h e  admissible r e l a t i v e  e r r o r  is 

4 2  -A t  < -=0.02 o r  2%. 
I! 10 

Accordingly, t h e  e r r o r  i n  measuring t i m e  (and ve loc i ty )  of elastic wave 

propagation i n  a sample i n  t h i s  case is less than 2%. 

The influence of thermal expansion on densi ty  of t h e  t e s t e d  rock can be 

determined from t h e  expression 

where 

p, and p0 are the d e n s i t i e s  during heating and a t  room temperature; 

AV is t h e  specimen volume increment during heating; 

V is t h e  i n i t i a l  volume of t he  specimen. 
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The change i n  rock densi ty  during heating, determined using t h i s  formula, L28 

is 0.01-0.5% of  t h e  i n i t i a l  density;  t h i s  exerts no influence on t h e  accuracy 

i n  computing t h e  elastic modulus E. Accordingly, no correct ion f o r  t h i s  change 

need be introduced i n t o  t h e  computations. 

Determination o f  t h e  e las t ic  modulus E by t h i s  method using t h e  described 

instruments m a k e s  it possible  t o  reduce t h e  measurement e r r o r  t o  2 t o  5%, which 

is e n t i r e l y  admissible. 

3 .  	 Pa t t e rn  of Change i n  E l a s t i c  P rope r t i e s  of 
Rocks a t  High Temperatures-

Experimental i nves t iga t ions  f o r  studying t h e  effect of temperature on t h e  

e l a s t i c  p rope r t i e s  o f  rocks made it possible  t o  d r a w  t h e  following omnclusions: 

t h e  change i n  elastic p r o p e r t i e s  f o r  d i f f e r e n t  rocks is d i f f e r e n t ;  

t h e  heating reg ime e x e r t s  an influence on t h e  change i n  elastic propert ies .  

The r e s u l t s  of experiments f o r  determining the e l a s t i c  modulus of rocks i n  

t h e i r  temperature dynamics are given i n  Table 5. 

The curves f o r  t h e  dependence of t h e  e l a s t i c  modulus on temperature 

(Figure 15) show t h a t  t h e  elastic modulus changes d i f f e r e n t l y  f o r  d i f f e r e n t  rocks. 

For some rock types (g ran i t e s ,  pegmatites) t he re  is  an appreciable decrease i n  

t h e  dependence of t h e  e las t ic  modulus E on temperature with a s m a l l  deviation 

from a l i n e a r  dependence; f o r  o t h e r s  t h e  e las t ic  modulus decreases i n s i g n i f i c a n t l y  

with a temperature increase (gabbro, pe r ido t i t e s ,  and o t h e r s )  ; f o r  still  o t h e r s  

(monomineral rocks of  t he  q u a r t z i t e  type) t h e  dependence of t h e  e l a s t i c  modulus 

on temperature up t o  temperatures of polymorphic transformation (Tt r a n s  = 575°C) 
drops o f f  l i nea r ly .  

Thus, on t h e  b a s i s  of curves f o r  t h e  dependence of E on temperature it can 

be concluded t h a t  a decrease i n  t h e  e las t ic  modulus i n  a d e f i n i t e  r ange  of 

temperature change (from 0 t o  500OC) is  l i n e a r  f o r  some rocks, whereas �or o t h e r s  

it deviates  from l i n e a r i t y .  

Each experimental point  i n  t h e  t a b l e  and on t h e  graph w a s  obtained by the  

averaging of measurements f o r  two t o  fou r  samples of each rock type. The agree- L29 

ment of measurement data  obtained f o r  several  Samples of t he  s a m e  rock is 

ind ica t ive  of measurement accuracy. 
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Figure 15. 	 Curves showing dependence 
of t h e  e las t ic  modulus on 
temperature: 1- p e r i d o t i t e  
(Zhdanovskoye deposit  ) ; 
2- gabbro (Zhdanovskoye 
deposi t )  ; 3- ore-free 
q u a r t z i t e  (Bakal'skoye de­
p o s i t )  4- gray g r a n i t e  
(Rovnenskoye deposi t ) .  

Appendix 1 gives  t h e  geological 

and petrographic c h a r a c t e r i s t i c s  of  

t h e  inves t iga t ed  rocks. 

R e a s o n  f o r  Change i n  t h e  E l a s t i c  
Modulus During Heating 

It was found t h a t  t h e  change i n  

t h e  elastic p r o p e r t i e s  o f  s o l i d  poly­

c r y s t a l l i n e  bodies is re l a t ed  t o  

r e l axa t ion  phenomena within t h e  body 

c22, 231. It is assumed t h a t  t h e  

change i n  t h e  e las t ic  p rope r t i e s  o f  

po lyc rys t a l l i ne  bodies, e spec ia l ly  

t h e  e las t ic  modulus E, is  influenced 

by : 

change i n  t h e  e l a s t i c i t y  of t h e  

c r y s t a l s  making up t h e  body themselves; 

r e l axa t ion  processes a t  t h e  

c r y s t a l  i n t e r f aces .  

Theoretical  i nves t iga t ions  show 

t h a t  i n  a po lyc rys t a l l i ne  body i n  t h e  

absence of any r e l axa t ion  phenomena 

and o the r  processes on t h e  boundaries between t h e  c r y s t a l s  and i n  the c r y s t a l s  

themselves the  change i n  t h e  e las t ic  modulus w i l l  have a l i n e a r  nature  with a 

temperature increase.  Such a change i n  the  e l a s t i c  modulus i s  assumed t o  govern 

up t o  t h e  melting point.  

Accordingly, it can be assumed t h a t  t h e  l i n e a r  dependence o f  change i n  the  

e l a s t i c  modulus of each rock mineral with an increase i n  temperature should 

also cause a l i n e a r  change i n  t h e  e i a s t i c  modulus f o r  t h e  e n t i r e  rock. 

The l i n e a r  decrease i n  t h e  elastic modulus o f  a mineral during heating can 

be a t t r i b u t e d  t o  t h e  thermal energy manifested through t h e  o s c i l l a t o r y  motion 

of p a r t i c l e s  within t h e  mineral and thermal expansion of t h e  mineral, 

I n  t h i s  case t h e  a d i a b a t i c  elastic modulus can be expressed as follows 



I n  t h i s  formula t h e  first term E0 represents  t he  elastic modulus i n  t h e  

absence o f  any o s c i l l a t o r y  energy. The second term A charac te r izes  change i n  

t h e  modulus caused by thermal expansion. The t h i r d  term B represents  t h e  

d i r e c t  inf luence of  thermal energy. 

The l i n e a r  na ture  of  t h e  dependence of  t h e  elastic modulus on temperature 

for rock-forming minerals is experimentally confirmed. 

Table 6 gives data  on change i n  t h e  elastic modulus f o r  quar tz  (vein)  and 

microcline i n  t h e  temperature range from 20 t o  500°C. 

However, these  ind ices  cannot be used i n  analyzing the  dependence o f  t h e  

e las t ic  modulus of  rocks on temperature because rocks of  one type (qua r t z i t e )  

are character ized by a l i n e a r  change i n  t h e  elastic modulus i n  t h e  temperature 

range up t o  t h e  phase transformation, w h e r e a s  t h e  corresponding temperature L34 
curves f o r  o ther  rock types exh ib i t  a deviat ion from l i n e a r i t y .  This change is  

evident ly  a t t r i b u t a b l e  t o  i n e l a s t i c  re laxa t ion  phenomena on t h e  boundaries of  

t he  minerals making up the  rock o r  i n  the  minerals themselves. 

Figure 16 i s  a graph of  t he  dependence of  t he  r e l a t i v e  change i n  t h e  

elastic modulus f o r  a polymineral rock (g ran i t e )  and quar tz  on temperature. 

The graph shows t h a t  t h e  onset  of  re laxa t ion  phenomena i n  rocks occurs a t  a 

d e f i n i t e  heat ing temperature. I n  t h e  experiments t h e  temperature of onset of  

re laxat ion phenomena f o r  most rocks w a s  200-300°C. 

The effect of  high temperature 

on the  e l a s t i c  p rope r t i e s  of  d i f f e ren t  

rocks is manifested d i f f e ren t ly .  This 

can be a t t r i b u t e d  t o  a d i f f e ren t  mani­

f e s t a t i o n  o f  re laxa t ion  phenomena 

on t h e  boundaries between minerals, 

and i n  some cases i n  t h e  minerals 
Figure 16. Graph of the  dependence of 

r e l a t i v e  change i n  t h e  elastic themselves. 

modulus on temperature: 1-
One o f  t h e  f a c t o r s  responsiblequartz;  2- grani te .  

f o r  t h e  appearance of  re laxa t ion  
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TABLE 5. DEPENDENCE OF ULTRASOUND PROPAGATION cD, 

ELASTIC MODULUS E AND COEFFICIENT OF RELATIVE 
CHANGE I N  ELASTIC MODULUS Cp DURING HEATING ON 
TEMPERATURE T 

IIJ temperature, degrees 
Rock x n n  1 400 j 500  j 575 600 

I -I I I 

Oxidized ferruginous q u a r t z i t e  3240 
(Mikhaylovskiy quarry, Kursk 3,75 

0.33Magnetic Anomaly) I I.--
I I I I I I 

3480 
5.3 
0 , x  

P 5 3.59 g/cm3-d' ! I i 
I I I 

Gray g ran i t e  3630 3070 ! 2520 2010 
3.6 2.55 I 1.7 1.MI(Romenskoye depos i t )  0.47 O.li2 I 0.74 0.84P = 2.73 g/cm3 I 

S i d e r i t e  48GO I 4610 1 4170 1 3350 2620 
(Baa%'skoye depos i t )  8.5 7.4 6.2 5.0 2.4 
P = 2.7 g/cm3 o.28 1 0,37 1 0.48 i 0,57 0.68 

I ! , 
Dolomite 
(Bakal 1 skoye deposit  ) 
P = 2.6 g/cm3 

Shale 
(Bakalf skoye depos i t )  
P = 2.61 g/cm3 

Commas represent decimal points.  



TABLE 5 continued 

Rock Index I Heating temperature, degrees 
I I I I I I 

Diabase 4780 4690 I 4560 4470 1 4360 4260 j 4230 
(Bakalt skoye deposit)  fi,G 6.3 6.03 5,7 5,4 5.2 , 5,15 

0.0'1 0.03 1 0,12 0,17 1 0,22 1 0,25 0,26 
p = 2.88 g/cm3 - I 

Limestone 4000 4010 13990 3170 j 3030 3930 i 3910 
4.0.; 3*9 385 3.8 3,8 3,75 3.7(Bakal skoye deposit)  0,ofi 0.09 I 0.10 0,11 1 0,12 1 0,13 , 0,14 

p = 2.44 g/cm3 - I I I I I 
I I I 

Rosy coarse-grained grani te  
(Rovnenskoye deposit)  

P = 2.66 g/cm3 
I I 

Rosy intermediate-grained grani te  4400 3630 I 3030 
5.2(Rovnenskoye deposit)  0.41 

3,55 2/15 

P = 2.69 g/cm3 OkiO I 0,72- I 

Ore-free quartzi te ,  p a r a l l e l  t o  s t r a - 4460 4 ~ 2 01 3870 3-90 ' 3260 3110 
(;,5 5.4 4.7 3.95 3.3.5 3.1t i f i c a t i o n  (Olenegorskoye deposit)  0,30 0,41 I 0,49 , 0.58 1 0,ti-i , 0$7 

P I3.28 a/cm3 -

Ferruginous qua r t z i t e  3,560 3090 ' 2i30 ' 2510 2 W  2090 
(Olenegorskoye deposit)  4,7j 3.5 2,85 i 2,35 1,50 , 1,tij 

p = 3.78 g/cm 3 021 0,42 o.53 o.6i 0,75 , o,53 
I 1-

Pegmatite 3630 3340 3040 
3.45 2-0 2,4*5(01enegorskoye deposit 0,iO 0.24 0,sP = 3.26 g/cm 3 

Commas represent decimal points. 



TABLE 5 continued 

temperature, degrees -

Rock Index I 

Gray fine-grained grani te  
(Shartashskoye deposi t )  
p = 2.68 g/cm3 - I 

I I I 
Gray coarse-grained grani te  3530 3:lliO 3180 
(Shartashskoye deposit  ) 3.25 :i.n 2.G.5 

- 0.09 0.28
P 	 = 2.65 g/cm3 -
Gneisous gran i te  4160 4i4n 4010 
(Smolinskoye deposi t )  4.5 4.5 4 , l 5  2.1- 0.01 0.08 
p = 2.62 g/cm3 

P = 2.6 g/cm 3 
- 0.03 0,12 0.19 

-
0.27 043 0.3; 

I I 

Mineralized p e r i d o t i t e  
(Zhdanovskoye depos i t )  

,5900 
8,45 
0,22 0.52 

p = 3.12 g / c d  I -
I i -

B i o t i t i c  gneiss  4120 43GO 3180 3380 30G0 2230 

Granodiorite 3930 3000 3720 3560 3410 3030 21/10 11 2710 

(Smolinskoye depos i t )  3,a.; 3,75 3.4 3.1 1 2.8 I 2.2 1.7 

(Olenegorskoye deposi t )  5,85 5.2 4 0  1.83 1.1 0.9.i 

p = 2.86 g/cm 3 
- 0.09 0,30 ' i I 0,68 0,81 ; 0,84 

-

Commas represent decimal points .  
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TABLE 5 continued 

Rock 


Bluish-gray quar tz i te  
(Pervouralfskoye deposit)  
p = 2.67 g/cm3 

I I I 	 I I 
I 

Porous ferruginized qua r t z i t e  I 
c .  m/SeC 36iO 3480 ~ 3VlO I 3360 ' 3320 3140 2850 I 

1 2700 
(Pervouraltskoye deposit)  E 10-5, kg/cm2j 3.15 2.73 I 2.9 ' 2.7 2.6 2.33 2.0 1 1.0 

p = 2.39 g/cm3 I 
j 
-

I 
0.12 I 0.08 ' 

I 

0.14 ~ 0.17 i 
I 

0.25 I 0.36 , 0,49 

I I 

Ore-free weathered qua r t z i t e  I c, m/sec 3090 3100 ~ 3240 3110 ' 3020 ! 3760 24210 2030 
(Bakal 1 skoye deposit E - 10-5, kg/cm2! 2.6 2.(i 1 2.7 , 2.55 2.4 !

j 
2,05 1,j.j ' 1.7 

p =: 2.65 g / c d  cp 
,
' 

0.04 
I
I 0.02 

1 
0.08 0,21 

I 
I O,4 0.35 

Ore-free quar tz i te  
(Bakal 1 skoye deposit ) 
p = 2.68 g / c d  

Gabbro 
(Zhdanovskoye deposit)  
p = 3.08 g/cm 3 

Ore-free per idot i te  
(Zhdanovskoye deposit ) 
P = 3.02 g/cm3 

Ferruginous quar tz i te  No.  4 
(YuGOK) 
P = 3-52 g/cm 3 

Commas represent decimal points. 
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TABLE 6. DEPENDENCE O F  ULTRASOUND VELOCITY AND L34 
ELASTIC MODULUS ON TENPEXATWU3 FOR SOME 

ROCK FORMING MINERALS 
-

temperature, 2 

phenomena i n  rocks can be viscous s l i p  on t h e  boundary between minerals. 

The mechanism of  t h i s  phenomenon can be explained as follows. O n  t h e  

boundaries between minerals i n  a polycrys ta l l ine  rock the re  is a t r a n s i t i o n a l  

l aye r  i n  which t h e  arrangement of atoms d i f f e r s  from t h e i r  arrangement i n  t h e  

two bounding minerals. This m a k e s  it possible  to regard a rock which is being 

heated as consis t ing of two components, one of which has  a t r u l y  elastic nature,  

whereas t h e  o ther  behaves as viscous medium. The behavior of  t h e  boundaries 

between minerals can be judged only on the  bas i s  of quan t i t a t ive  observations 

of changes i n  the  elastic modulus and the  at tenuat ion of  ultrasound with a 

temperature increase. 

Viscoussl ip  on t h e  boundaries between minerals a t  increased temperatures L35 
l eads  t o  a decrease i n  t h e  e l a s t i c  modulus E t o  some ET value. During t h e  

cooling of samples of many rocks t h i s  value changes in s ign i f i can t ly  and usual ly  

does not  re turn  t o  the  i n i t i a l  l eve l .  The value of t he  e l a s t i c  modulus ET 
frequent ly  does not change d u r h g  subsequent heating; t h i s  is evidence of a 

s h i f t  i n  t he  pos i t ion  of  the  boundaries between minerals during viscous s l i p  t o  

an equilibrium state. 

On the  b a s i s  of experimental inves t iga t ions  f o r  determining t h e  reasons 

causing a change i n  the  e l a s t i c  modulus of rocks during heat ing it can be con­

cluded t h a t  : 

t h e  l inear  dependence of t h e  e l a s t i c  modulus (mineral, monomineral rocks) 
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on temperature can be a t t r i b u t e d  only t o  changes i n  temperature within t h e  

mineral ; 

t h e  deviat ion of t h i s  dependence from l i n e a r  i s  r e l a t e d  t o  the  appearance 

o f  re laxat ion processes on t h e  boundaries between t h e  minerals (polymineral rocks),  

leading t o  p l a s t i c  changes. 

Under t h e  Influence 
of a- g igh  Temperature 

Analysis of t h e  r e s u l t s  o f  change i n  t h e  elastic modulus of rocks i n  a 

high-temperature f i e l d  i n d i c a t e s  a d i f f e r e n t  na tu re  o f  t h i s  change. 

A comparative ana lys i s  of data on t h e  dependence of t h e  elastic modulus 

on temperature w a s  made f o r  determining t h e  q u a n t i t a t i v e  and q u a l i t a t i v e  na tu re  

of t he  changes. 

I n  order  t o  c l a r i f y  t h e  q u a l i t a t i v e  changes i n  the  elastic modulus t h e  co­

e f f i c i e n t  of r e l a t i v e  change i n  t h e  modulus during heating w a s  introduced 

E ,  -ET (1.18) 
q = T ’  

where 

E0 is t h e  elastic modulus a t  mom temperature; 

ET is t h e  elastic modulus with heat ing t o  t h e  temperature T. 

Figure 17. 	 Graph of t h e  dependence of 
t h e  coe f f i c i en t  of r e l a t i v e  
change i n  t h e  e l a s t i c  modulus 
on temperature: 1- q u a r t z i t e  
(Bakallskoye deposi te) ;  
2- gran i t e ;  3- p e r i d o t i t e .  

Analysis of t h e  experimental 

data  l eads  t o  t h e  conclusion t h a t  

t h e r e  are th ree  groups of dependence 

of the coe f f i c i en t  of r e l a t i v e  change 

i n  t h e  elastic modulus on tempera­

tu re .  Figure 17 shows generalized 

curves f o r  each group f o r  t h e  co­

e f f i c i e n t  y. Curve 1, representing 

t h e  l i n e a r  dependence of t h e  coef­

f i c i e n t  cp on temperature, is 

c h a r a c t e r i s t i c  f o r  t he  p r inc ipa l  

rock-forming minerals, monomineral 

(qua r t z i t e ,  s i d e r i t e  and o t h e r s )  
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and polymineral (gneiss)  rocks. This dependence i n d i c a t e s  t h e  r e t en t ion  of 

Ifpure11 e l a s t i c i t y  i n  t h e s e  rocks i n  a q u i t e  broad temperature range. 

Curve 2, expressing t h e  dependence o f  t h e  coe f f i c i en t  Cp on temperature f o r  

most p l y m i n e r a l  rocks o f  t h e  g ran i t e ,  pegmatite, granodior i te  (and o the r s )  type 

is character ized by a small deviat ion from a l inear dependence. As w a s  demon­

s t r a t e d  above, t h i s  deviat ion can be a t t r i b u t e d  t o  p l a s t i c  phenomena on t h e  

boundaries between minerals. 

Curve 3, re f lec t ing  t h e  dependence of t he  c o e f f i c i e n t  ~p on temperature f o r  

rocks of t h e  gabbro, p e r i d o t i t e  and diabase type, has  a marked deviat ion from a 

l i n e a r  dependence which can be a t t r i b u t e d  t o  p l a s t i c  phenomena within t h e  

invest igated sample during heating. These curves can be described by three 

types of equations. 

If the  change i n  e las t ic  p r o p e r t i e s  of rocks i s  regarded i n  its temperature 

dynamics i n  t h e  range from 200 t o  5OO0C, a l l  types of i nves t iga t ed  rocks (and 

therefore ,  by analogy with these  types, o the r  rocks as w e l l )  can be c l a s s i f i e d  

on t h e  b a s i s  o f  e l a s t i c i t y  i n t o  t h r e e  groups: 

thermally elastic;  

thermally e l a s t i co -p la s t i c ;  

thermally p l a s t i c .  

Table 7 gives a c l a s s i f i c a t i o n  of t he  invest igated rocks on t h e  b a s i s  of 

e l a s t i c i t y .  

When explaining t h e  mechanism of destruct ion of rocks under the  effect o f  

high temperatures, t h e  condition o f  t h e  elastic state, which is c h a r a c t e r i s t i c  

of t h i s  or t h a t  type of rock, must be taken i n t o  consideration. 
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TABLE 7. CLASSIFICATION OF ROCKS BY ELASTICITY DURING 

-

Group o f  rocks by Equation f o r  depen-
e l a s t i c i t y  during Rocks dence of  r e l a t i v e  

heat ing change i n  e las t ic  
modulus cp on temp-

e ra tu re  
-~ 

F i r s t  - thermally 
elastic 

O r e - free qua r t z i t e ,  b i o t i t i c  gneiss  
unoxidized ferruginous q u a r t z i t e s  

1'pl = alT + b 

Second - thermally G r a n i t e s ,  gneissous grani tes ,  grano- cp2 = a2Tb2 + c 
elastica-plastic d i o r i t e ,  pegmatite, poorly oxidated 

ferruginous q u a r t z i t e s  

Third - thermally 
p l a s t i c  

Per idot i tes ,  gabbro-diabases, oxi-
dized ferruginous q u a r t z i t e s  

=[l/(a + b T)]T
'p3 3 3 

H e r e :  	 al, aZ, a3, bl, b2, b3, c are constant coe f f i c i en t s  f o r  t he  p a r t i c u l a r  

rock type. 

Relationship Between Elast icModulus i n  a High-
L37Temperature F ie ld  and Other Physical Indices  

~ 

The dependence of  t he  product of t h e  elastic modulus E and t h e  coef f ic ien t  

o f  l i n e a r  expansion, P, which i s  proportional t o  t h e  thermal stresses, is of 

p a r t i c u l a r  i n t e r e s t  t o  researchers  concerned with thermoelas t ic i ty  problems. 

Figure 18. 	 Graph of t he  dependence of 
t h e  product PE on tempera­
tu re :  1- ore-free 
qua r t z i t e ;  2 -s ider i te ;  
3- dolomite. 

Table 8 gives  the  r e s u l t s  of  

j o i n t  measurements of  t he  e l a s t i c  

modulus E, coef f ic ien t  of l i n e a r  ex­

pansion p and t h e i r  product @E f o r  

some rocks. 

Figure 18 shows the  curves f o r  t h e  

dependence o f  pE on temperature. The 

curves sliow a d i f fe rence  i n  t h e  nature  

of increase i n  t h i s  parameter and 

therefore  (assuming a small change i n  

t h e  heat conductivity and thermal 

d i f fus iv i ty  coe f f i c i en t s )  t h e  i n t e n s i t i e s  
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of t h e  thermal stresses a r i s i n g  i n  rocks under t h e  inf luence o f  heat.  For ore-

free and ferruginous q u a r t z i t e s  t h e r e  is a constant, almost linear, i nc rease  

i n  t h e  thermal stresses p ropor t iona l i t y  f a c t o r  PE i n  t h e  range of temperatures 

des t ruc t ive  f o r  thermal d r i l l i n g  ( b O - 5 O O o C ) .  

I n  t h i s  temperature range t h e  thermally p l a s t i c  rocks (diabase, limestone, 

shale, etc.)  are character ized by an almost constant value o f  t h e  BE product. 

This means t h a t  t h e  thermal stresses do not increase with a temperature increase. 

The q u a n t i t a t i v e  r e l a t ionsh ip  between t h e  elastic and thermal p r o p e r t i e s  

i n  t h e i r  temperature dynamics, represented by t h e  expression $E/c, where c is 

t h e  volume heat capaci ty  o f  t h e  rock, i s  of p r a c t i c a l  i n t e r e s t .  

Table 9 gives  t h e  r e s u l t s  o f  experiments f o r  determining t h e  dependence 

of t h e  expression PE/c on temperature f o r  s i x  types of rocks. 

The deviat ion of t h e  complex index from t h e  m e a n  value f o r  a temperature 

change 200-45OoC f o r  rocks is up t o  15-20%. Thus, change i n  t h e  PE/c index 

i n  its temperature dynamics is i n s i g n i f i c a n t  and it can be neglected. 

The absolute  values of t h e  complex index f o r  d i f f e r e n t  rocks are d i f f e r e n t .  

However, numerous experiments m a k e  it possible  t o  trace some tendency i n  t h e  

value o f  t he  pE/c index f o r  d i f f e r e n t  rocks. For example, t h i s  index has  its L39 
m a x i m u m  value �or rocks of t he  q u a r t z i t e  type (BE/c > 9 ) ,  whereas f o r  rocks 

of t h e  diabase and dolomite (and o the r s )  type t h i s  index has  a value less  than 

8. This c l a s s i f i c a t i o n  of rocks on t h e  b a s i s  o f  t h e  pE/c index corresponds t o  

t h e  rock c l a s s i f i c a t i o n  proposed earlier on t h e  b a s i s  of e l a s t i c i t y  i n  a high-

temperature f i e l d .  



Rock 

Sider i te  (Bakal'skoye 

deposit ) 

Dolomite (Bakalfskoye 
deposit ) 

Shale (Bakalfskoye deposit)  

Diabase (Bakal1skoye deposi 

Limestone ( B a k a l  1 skoye 

deposit ) 

Quartzite No. 4 (YuGOK) 

Physica1 Heating temperatures, degrees 
index 20 I 100 1 200 I 300 I 400 I 500 1 575  j 600 

Commas represent decimal points. 

c 
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TABLE 9. DEPENDENCE O F  BE/c PARAMETER ON TENF’ERATURE / ?O 

Rock - ­
200 250 300 350 400 450 

__ _. 
~~ ~ ~~ ~~~ 

. - . .  -~ - .  . -

Microquartzi te  ( B a k a l  1 skoye 
depos i t )  14.3 16.2 15.4 15.2 13-9 14.4 

Dolomite (Baka.11 skoye deposi t )  7.36 7-26 7.32 7.26 6.96 6-5 
Diabase (Bakal skoye depos i t )  6-7 6.85 6.96 6.92 6-93 7.64 
O r e - f r e e  q u a r t z i t e  (Olenegorskoye 

depos i t )  9.3 9.2 9-65 8.9 10.0 9.75 
Coarse-grained g ran i t e  

(Rovnenskoye depos i t )  7-65 8.05 7-85 7.62 6.0 8.0 
Pegmatite (Olenegorskoye depos i t )  7.1 7.2 6 - 9  6-55 6-35 6.3 

4. 	 Examples of  t he  U s e  of  t h e  Dependence 
and E l a s t i c  P rope r t i e s  of  Rpcks on Te erature 

f-t-h-e S t rength  

-_ _  

A d e t a i l e d  study of  changes i n  t h e  s t rength  and e l a s t i c i t y  of  rocks makes 

poss ib le  a clear d i f f e r e n t i a t i o n  of  t he  f i e l d  of s p e c i f i c  a p p l i c a b i l i t y  of t h e  

e lec t rophys ica l  (high and i n d u s t r i a l  frequency currents,  d i e l e c t r i c  breakdown, 

and o the r  methods) and thermomechanical methods f o r  destroying rocks. Such 

i nves t iga t ions  make it poss ib le  t o  c l a s s i f y  a l l  rocks with respec t  t o  effect ive­

ness  of  des t ruc t ion .  

Inves t iga t ions  of t h e  behavior of  rocks under t h e  inf luence o f  a high-

temperature je t  stream revealed t h a t  t h e  e f fec t iveness  of rock des t ruc t ion  with 

an increase  i n  temperature is determined t o  a l a r g e  ex ten t  by t h e  na ture  of  t h e  

change i n  rock e l a s t i c i t y .  
I 

Comparison of  t h e  c l a s s i f i c a t i o n  of  rocks with t h e  p r a c t i c a l  i nd ices  of t h e  

e f fec t iveness  of  thermal d r i l l i n g  confirms t h e  r e l a t ionsh ip  between thermally 

e l a s t i co -p la s t i c  rocks and rocks with average thermal d r i l l a b i l i t y  and between 

thermally p l a s t i c  rocks and rocks with poor thermal d r i l l a b i l i t y  [24]. 

The r e l a t i v e  coe f f i c i en t  of thermal p l a s t i c i t y  k has been proposed f o r  
P l  

a comparative evaluat ion of the. change i n  t h e  thermo-elastic state i n  d i f f e ren t  

rocks. With an increase i n  rock heat ing temperature t h i s  coe f f i c i en t  does not 

remain constant and therefore  it should be computed f o r  some d e f i n i t e  temperature 
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range f o r  which t h i s  type of destruct ion is cha rac t e r i s t i c .  I n  pa r t i cu la r ,  t h e  L b  
range zoO-%O°C has  been experimentally e s t ab l i shed  f o r  destruct ion of rocks 

during thermal d r i l l i n g  [251. 

For these  purposes it is  des i r ab le  t o  determine the  mean r e l a t i v e  coe f f i c i en t  

of thermal p l a s t i c i t y  k
PI 

f o r  t h e  temperature range 2QO-%O°C. 

The r e l a t i v e  coe f f i c i en t  k
PI 

is  determined from the  expression 

where 

a0 is t h e  slope of t h e  curve representing t h e  dependence of t h e  r e l a t i v e  

coe f f i c i en t  o f  change i n  t h e  elastic modulus cp on temperature f o r  a 

standard thermally elastic rock, degrees; 

ai is t h e  slope of t h e  curve representing the  dependence o f  t h e  coe f f i c i en t  

f o r  t h e  invest igated rock on temperature r e l a t i v e  t o  the  dependence of 

t h e  coe f f i c i en t  f o r  t h e  standard rock on temperature, degrees. 

A monomineral rock o f  t h e  type of ore-free q u a r t z i t e  from t h e  Bakal'skoye 

deposit  w a s  s e l ec t ed  as t h e  standard thermally e l a s t i c  rock; t h e  l a t te r  gives  

the  bes t  thermal d r i l l i n g  indices.  

The r e s u l t s  of determination of t h e  coe f f i c i en t  of r e l a t i v e  thermal p l a s t i ­

c i t y  k appl icable  t o  thermal d r i l l i n g  problems are given i n  Table 10. 
PI 
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TABLE 10. 	 VALUES OF THl3 COEFFICIENT O F  RELATIVE THEXMAL 
PLASTICITY AT A TEMPERATURE 2CO-40OoC 

. . .  

~ -- .- . .. . - -~ 
~~ . . 

Quartzite ( B a k a l t  skoye deposi t )  

O r e - f r e e  q u a r t z i t e  (Olenegorskoye deposi t )  

B i o t i t i c  gneiss  (Olenegorskoye deposi t )  

Gray fine-grained g ran i t e  (Shartashskoye deposit  > 
Ferruginous q u a r t z i t e  (Olenegorskoye deposi t )  

Pegmatite (Olenegorskoye deposi t )  

Semi-oxidized ferruginous q u a r t z i t e  (Kursk 
Magnetic Anomaly) 

Granodiorite (Smolinskoye deposi t )  

Gray grani te ,  intermediate- and coarse-grained 
(Shartashskoye deposi t )  

Rosy, intermediate-grained g ran i t e  
(Rovnenskoye deposi t )  

Rosy, coarse-grained g ran i t e  
(Rovnenskoye deposi t )  

Gray g ran i t e  (Rovnenskoye deposi t )  

Oxidized ferruginous q u a r t z i t e  (Kursk 
Magnetic Anomaly) 

Mineralized p e r i d o t i t e  (Zhdanovskoye deposi t )  

Gabbro (Zhdanovskoye deposi t )  

Ore-free p e r i d o t i t e  (Zhdanovskoye deposi t )  

Coeff ic ient  
k
PI 

0 

0.02 

0.04 
0.07 

0.08 

0.14 

0.16 


0.17 


0.19 

0.20 

0.23 

0.28 

0.31 

0.34 
0.40 
0.42 

Volumetric rate 
v o f  thermal 
d r i l l i n g ,  cm3/min 

._ _ _  __ . ­

400 
390 
350 
380 
330 
350 

240 - 270 

270 

230 

250 

240 

220 

30 - 180 

Fuses 

Fuses 

Fuses 

The data i n  Table 10 show t h a t  t h e  coe f f i c i en t  k is d i f f e r e n t  f o r  d i f f e r e n t  L41 
PI 

rocks. Theoretically,  it can vary from 1 t o  0. For p r a c t i c a l  purposes the  

range i n  change of t h e  k coe f f i c i en t  is from 0 t o  0.5. 
P l  

Those rocks having a coe f f i c i en t  o f  r e l a t i v e  thermal p l a s t i c i t y  i n  t h e  

temperature range 20O-40O0C o f  0.35 - 0.5 include thermally p l a s t i c  rocks o f  

t h e  gabbro and p e r i d o t i t e  (and o t h e r s )  type. Rocks whose k coeff ic ient  is 
PI 

less than 0.1 can be c l a s s i f i e d  as thermally e l a s t i c  rocks. 

Rocks having a k coe f f i c i en t  of 0.1 - 0.35 must be c l a s s i f i e d  as thermally
PI 
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e la s t i co -p la s t i c .  It should be noted t h a t  

t h i s  c l a s s i f i c a t i o n  is t en ta t ive .  

Figurg 19. Graph of t h e  dependence o f  t h e  

a t  t h i s  s t age  i n  t h e  inves t iga t ions  

The coe f f i c i en t  of relative 

thermal p l a s t i c i t y  k i n  t h e  
P l  

temperature range 200-400~C cor­

relates w e l l  with such a fundamental 

working index of thermal d r i l l -

a b i l i t y  o f  rocks as t h e  volumetric 

d r i l l i n g  rate; t h e  graphic 

r e l a t ionsh ip  between t h i s  l a t t e r  

index and k is shown i n  Figure 19. 
Pl  

The values of t h e  volumetric 
relative coe f f i c i en t  o f  thermal 
p l a s t i c i t y  on volumetric rate rate of thermal d r i l l i n g  w e r e  d e t e r  

o f  thermal d r i l l i n g .  mined experimentally i n  an invest i ­

gation of t h e  same types of rocks 

as were used i n  t h e s e  experiments. The technical  spec i f i ca t ions  w e r e  held con­

s t a n t  during t h e  entire course o f  t h e  experiment. The t e s t s  w e r e  made using 

an oxygen to rch  with a diameter of t he  c r i t i c a l  cross  sect ion o f  t h e  nozzle 4.7 mm; 

chamber pressure w a s  6 a t m ;  t h e  dis tance from the  nozzle sec t ion  t o  t h e  rock 

surface w a s  60 mm. 

Processing of t h e  experimental data using the  methods of mathematical 

s ta t i s t ics  made it possible  t o  f i n d  an expression f o r  t he  dependence of t h e  

volumetric d r i l l i n g  rate on t h e  thermal p l a s t i c i t y  coe f f i c i en t :  

V 
vol -- 387.5 - 727 kpl, cm 3/min (1.20) 

where 

k is t h e  c o e f f i c i e n t  of r e l a t i v e  thermal p l a s t i c i t y  a t  a temperature
P l  

200-4000c. 

The co r re l a t ion  coe f f i c i en t  f o r  processing of experimental data  w a s  0.93. 

A close co r re l a t ion  is a l s o  discovered between t h e  coe f f i c i en t  of r e l a t i v e  

thermal p l a s t i c i t y  and the  s p e c i f i c  energy expenditures on thermal d r i l l i n g .  
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Thus, t h e  nature  of t h e  change i n  t h e  elastic p r o p e r t i e s  of rocks i n  t h e i r  

temperature dynamics can be one o f  t h e  p r inc ipa l  criteria f o r  evaluating t h e i r  

d r i l l a b i l i t y  .by t h e  thermal method. 

P r a c t i c a l  use o f  t h e  p a t t e r n s  o f  change i n  t h e  s t r eng th  and elastic pro­

p e r t i e s  of rocks a t  high temperatures are not l imi t ed  t o  t h e i r  use f o r  t h e  

prognosis o f  thermal d r i l l i n g .  

"he u t i l i z a t i o n  o f  t h e  r e s u l t s  o f  change i n  t h e  s t r eng th  and e l a s t i c i t y  of 

rocks with heating allows t h e  process of t h e  i n t e r a c t i o n  o f  t h e  operating element 

of t h e  machine with rock during cu t t i ng  and d r i l l i n g  t o  be more completely 

studied. These quest ions a l s o  demand study t h a t  is appl icable  t o  problems o f  

d r i l l i n g  superdeep boreholes. 

In  addi t ion t o  t h i s ,  study of t h e  influence o f  high temperature on t h e  

s t r eng th  and elastic p rope r t i e s  o f  rocks is of i n t e r e s t  when ca l cu la t ing  rock 

pressures  i n  deep mines and p i t s ,  and a l s o  when determining t h e  r e s i s t ance  of 

t h e  containing rocks t o  underground leaching and t o  t h e  fusion o f  mineral 

resources (copper, antimony, su l fur ,  s c h i s t ,  and o t h e r s )  and t h e  gas i f i ca t ion  of 

coal. 
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Chapter I1 

THERMAL PROPERTIES O F  ROCKS AS A FUNCTION OF TEMPERATURE 

-1. 	 General-Information on the T k r m a l  Propert ies  of Rocks 

Concg t  o f  Thermal Processes 

Various thermal effects can appear i n  rocks, depending on t h e i r  na tu ra l  

state (porosi ty ,  moisture content, s t r u c t u r e  and t ex tu re )  and mineralogical 

composition under t h e  inf luence of heat ;  t hese  effects favor the  appearance or 

development of deformations and stress relaxation, causing a change i n  the  phase 

state of t he  rocks. 

Among these e f f e c t s  are thermal expansion, hydration and dehydration 

phenomena, polymorphic transformatiQns, isomorphism (replacement of chemical 

elements i n  t h e  c r y s t a l  l a t t i ce) ,  dissociat ion (decomposition i n t o  t h e  gaseous 

phase with a s o l i d  res idue) ,  boundary processes ( p l a s t i c  flow),  densi ty  increase 

(congealing, thermal hardening), and fusion. 

Depending on t h e  thermal e f f e c t  parameters and rock propert ies ,  t hese  

phenomena may lead t o  weakening, b r i t t l e  f r ac tu re ,  fusion, evaporation, 

strengthening, or dissolving i n  na tu ra l  and ar t i f ic ia l  media, and o the r  rock 

changes. 

In mining, increasing use is being made of thermal processes f o r  solving 

engineering problems involved i n  t h e  production of minerals. For example, 

methods of thermal destruct ion of rocks ( d r i l l i n g  of b l a s t  holes  and boreholes, 

nonexplosive f r ac tu r ing  of boulders and l a r g e  pieces of rock, breaking pieces  

of rock off from l a r g e  m a s s e s ,  production and working of rock blocks) are based 

on t h e  phenomena of thermal expansion, polymorphism, and others .  

The p o s s i b i l i t y  of thermal weakening of rocks, obviously being a r e s u l t  of 

t h e  development of boundary processes (breaking of bonds between minerals, 

thermal expansion, dehydration and d i s soc ia t ion  o f  minerals),  made it possible  

t o  develop methods f o r  t h e  combined (thermomechanical) d r i l l i n g  of rocks (heat  

generators of d i f f e r e n t  types i n  combination with a c u t t e r  o r  pneumatic hammer). 

The rock fusion effect is t h e  b a s i s  f o r  methods f o r  t h e i r  electrothermal L44 
destruct ion ( e l e c t r i c  a r c  heating when f r ac tu r ing  pieces  of rock; low frequency 
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destruct ion method i n  which t h e  m e l t  p l ays  t h e  r o l e  of t h e  working medium), and 

a l s o  s h a f t l e s s  methods of mineral exp lo i t a t ion  ( s u l f u r  ex t r ac t ion ) .  

Some methods f o r  mining i n  weak rocks having an increased moisture content 

are based on t h e  hardening of t hese  rocks (freezing and thermal hartlening). 

These examples do not exhaust t h e  f u l l  list of engineering problems based 

on t h e  use of thermal processes i n  rocks. S u f f i c e  it t o  mention t h e  need f o r  

solving such important problems as heat exchange i n  mine workings when exploi t ing 

deep l e v e l s ,  the use of na tu ra l  deep heat  (geothermal engineer ing) ,  etc. 

It  is obvious t h a t  every engineering t a s k  must be based on very d e f i n i t e  

l a w s  of t h e  t r ansp i r ing  of a thermal process. These l a w s  are i n  t u r n  d i r e c t l y  

r e l a t e d  t o  d i f f e r e n t  thermal effects manifested i n  t h e  p a r t i c u l a r  process. 

Determination of t h e  conditions f o r  the appearance and t r a n s p i r i n g  o f  

thermal effects can serve as a b a s i s  f o r  con t ro l l i ng  thermodynamic processes i n  

rocks. 

The appearance of  d i f f e r e n t  thermal e f f e c t s  and accordingly t h e  change i n  

t h e  state of rocks are dependent pr imari ly  on t h e  mineralogical composition o f  

t h e  rock, t h e  i n t e n s i t y  and na tu re  of t h e  thermal effect ( f i e l d  parameters), and 

a t  every moment of i n t e r a c t i o n  between t h e  heat and t h e  rock t h e  l a t te r  w i l l  be 

characterized by some complex of physical  p rope r t i e s  (parameters of state). 

It should be noted t h a t  very l i t t l e  study has  y e t  been made of t h e  problem 

of heat  conductivity f o r  analyzing and con t ro l l i ng  t h e  processes of thermal 

e f f e c t s  on rocks, p a r t i c u l a r l y  a t  high temperatures. 

In solving problems involved i n  determining temperature f i e l d s ,  duration 

and nature  of t he  heating of rocks during t h e i r  thermal destruct ion,  hea t  l o s s e s  

i n  t h e  surrounding rock complex during t h e  underground e x t r a c t i o n  o f  su l fur ,  

subterranean reduction of coal t o  gas ,  v e n t i l a t i o n  o f  deep workingF, etc., it 

is most important t o  know t h e  thermal p rope r t i e s  o f  t h e  rocks and t h e  nature  

of t h e i r  change with heating. 

Indices of Thermal P rope r t i e s  of Rocks 

Among the p r inc ipa l  i nd ices  of  t he  thermal p rope r t i e s  o f  rocks are the  

following : heat  conductivity, thermal d i f f u s i v i t y ,  l i n e a r  thermal expansion, 



heat capacity, thermal effect, and heat  of transformation. 

The hea t  conductivity coe f f i c i en t  )c (c,al/m*hour*degree) is  t h e  numerical L45 
c h a r a c t e r i s t i c  of t h e  capacity of rock f o r  transfer of t h e  heat  of conduction. 

The thermal d i f f u s i v i t y  coe f f i c i en t  a (mZ/hour) character izes  t h e  rate of 

change i n  rock temperature as a r e s u l t  o f  heat  absorption o r  release. 

H e a t  capacity c (cal/kg-degree) is a q u a n t i t a t i v e  c h a r a c t e r i s t i c  of rock 

capacity f o r  absorbing thermal energy. 

These parameters are r e l a t e d  t o  one another by t h e  equation 

a = A/cp,  (11.1) 

where 

p is  rock density.  

The coe f f i c i en t  of l i n e a r  thermal expansion P (degrees-') cha rac t e r i zes  

t h e  capacity of a rock t o  change i t s  l i n e a r  dimensions with a change i n  

temperature. 

The thermal effect Teff character izes  the  temperature a t  which physico­

chemical transformations occur i n  t h e  rock. 

The hea t  o f  transformation Q (cal/kg) character izes  the quan t i ty  of hea t  

which is released o r  absorbed i n  t h e  course of t h e  physicochemical t ransfor­

mation. 

One can d i s t ingu i sh  t h e  mean and t r u e  values of t h e  thermal parameters f o r  

a d e f i n i t e  temperature range; these are r e l a t e d  t o  one another by t h e  following 

dependence : 

(11.2) 

where 

A, ~ , is t h e  mean value of t he  thermal parameter f o r  t h e  temperature 
A 1  i 

12 range from T
1 

t o  T2; 

AT is t h e  true value of t h e  thermal parameter o r  t h e  value of t h e  

thermal parameter a t  t h e  temperature T. 

The heat  conductivity of rocks has not y e t  been adequately studied. Some 
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aspec t s  o f  t h e  heat  conductivity of coa l s  and rocks w e r e  discussed r e l a t i v e l y  

r ecen t ly  i n  C261. 

Now we w i l l  examine some of t h e  bas i c  de f in i t i ons .  The hea t  conductivity 

value cha rac t e r i zes  t h e  capaci ty  of a rock o r  mineral t o  t r a n s f e r  thermal 

energy from one point  t o  another i f  f o r  any reason a temperature difference 

appears between them. 

The heat  i n  minerals can be t r a n s f e r r e d  by conduction e l e c t r o n s  and a l s o  

by thermal o s c i l l a t i o n s  of t h e  c r y s t a l  la t t ice .  

In  na t ive  and pure m e t a l s  (gold, s i l v e r ,  copper, t i n ,  platinum, etc.) t h e  

main r o l e  i n  heat t r a n s f e r  is played by conduction electrons.  The motion of 

e l ec t rons  does not conform t o  t h e  l a w s  of classical mechanics and therefore  

t h e  l a w s  of wave mechanics are used i n  a t h e o r e t i c a l  descr ipt ion of heat con­

duc t iv i ty  of m e t a l s .  
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The heat conductivity o f  rocks can be determined from t h e  following 

expression E301: 

where 

N is the  number of atoms i n  a u n i t  volume; 

1 is  t h e  length of t h e  e l ec t ron  path from one c o l l i s i o n  with an atomic 

ion t o  another (equal t o  approximately 100 interatomic d i s t ances ) ,  c m ;  

G is e l ec t ron  motion veloci ty ,  cdsec; 

k is t h e  Boltzmann constant, eV/degree. 

This  formula takes i n t o  account only the  e l ec t ron  p a r t  of heat conductivity. 

I n  t h e  absence o f  e l ec t ron  conduction i n  minerals, t h e  heat  i s  t r ans fe r r ed  

by t h e  elastic o s c i l l a t i o n s  o f  t h e  s p a t i a l  crystal la t t ice .  

It  is known t h a t  p a r t i c l e s  forming a mineral are i n  constant,  perpetual 

motion. The energy o f  t h i s  motion arises due t o  t h e  hea t  absorbed by t h e  

mineral as a result of thermal i n t e r a c t i o n  with t h e  surroundfng medium. The 

b a s i s  f o r  t h e  hea t  conductivity of nonconducting minerals is t h e  process of 

motion of  t h e  p a r t i c l e s  forming t h e  mineral and t h e i r  i n t e rac t ion ,  accompanied 

by an exchange of energy. These complex molecular-kinetic processes cons t i t u t e  
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t h e  essence of  t h e  heat  conductivity phenomenon. 

I t  can be assumed with some approximation t h a t  t h e  heat  conductivity of  a 

rock cons i s t s  of t he  heat conductivity of its component minerals. Accordingly, 

heat can be t r a n s f e r r e d  i n  rocks both as a r e s u l t  of e l ec t ron  motion and due t o  

t h e  elastic osc i1l a t i o n s  of p a r t i c l e s .  

However, rocks are inhomogeneous and i n  some cases are multiphase systems. 

Accordingly, 'the heat  conductivity o f  rocks is a r b i t r a r y :  it is equal t o  the  

heat  conductivity o f  some homogeneous body through which, assuming iden t i ca l  

geometric configurat ion,  s i z e  and temperatures a t  t he  boundaries of the 

body, t he  s a m e  quan t i ty  of heat passes as through t h e  inhomogeneous body i n  

question. 

In such a homogeneous body w e  w i l l  v i sua l i ze  two p a r a l l e l  s ec t ions  a t  t h e  

dis tance 1 ,  on each of which w e  take the  area S as  the  sector .  If the  tempera­

t u r e  i n  one s e c t o r  i s  T1 and i n  t h e  o the r  is T2' 
T
1 > T2, t he  heat moves from 

t h e  sec to r  with t h e  temperature T
1 

t o  t h e  sec to r  with t h e  temperature T2' 
Obviously, during t h e  time t t h e  g rea t e r  w i l l  be the  quant i ty  Q of heat trans­

mitted t h e  c lose r  t h e  s e c t o r s  arespaced,  t h e  g rea t e r  t h e  area S, t h e  g rea t e r  

t h e  temperature difference T1 - T2, and t h e  g rea t e r  t h e  time in t e rva l  t during 

which t h e  temperature difference T
1 

- T
2 

is maintained i n  t h e  se l ec t ed  sectors.  

This dependence i s  expressed by the  formula L47 

(11.4) 

where 

A is t h e  p ropor t iona l i t y  f a c t o r  which character izes  the capacity of a 

rock t o  t r a n s f e r  heat from one point t o  another i n  t h e  presence of a 

tcniperature difference.  

Thus, i s  a physical index dependent on t h e  rock propert ies .  

The value of t h e  heat conductivity coe f f i c i en t  f o r  a rock is determined by 

t h e  heat conductivity of t he  matrix,  sk , porosi ty  P, and moisture 

content W. In addition, heat  conductivity is a function of temperature T and 

pressure CT of the system. 
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Thus 

A = f(lsk; P; W; T; a). (11.5) 

It must be remembered t h a t  rock po ros i ty  can exe r t  a s u b s t a n t i a l  effect on 

heat t r a n s f e r ;  it can n u l l i f y  t h e  influence o f  o t h e r  f a c t o r s  [26]. 

H e a t  t r a n s f e r  through t h e  volume o f  pores a t  increased temperatures occurs 

not only by heat conductivity, but a l s o  by convection and radiat ion.  The de­

g ree  of t he  inf luence o f  convection is determined by t h e  size o f  t h e  pores  and 

t h e i r  arrangement ( v e r t i c a l  o r  ho r i zon ta l ) .  The effect o f  r a d i a t i o n  is depen­

dent t o  a considerable degree on t h e  absolute  temperature o f  t h e  pore w a l l s .  

The t o t a l  quant i ty  Q of heat t r a n s f e r r e d  i n  a u n i t  t i m e  t h r o u g h a n a i r  l a y e r  with 

t h e  thickness 6 is  

Q = (kc + ar) F (T - Tp2), cal/hour (11.6) 

where 
2
k is the  coe f f i c i en t  of heat t r a n s f e r  by cont igui ty ,  c a l / m  hour-degree;

C 
2 a i s  t h e  coe f f i c i en t  of heat t r a n s f e r  by radiat ion,  c a l / m  hour-degree;r 2
F is the  area o f  t h e  pore w a l l s ,  m ; 

T and T are t h e  w a l l  temperatures, OC. 
PI P2 

It is very d i f f i c u l t  t o  compute t h e  p rec i se  k value. If t h e  pores are 
C 

s m a l l  and a i r  (gas )  convection is absent,  t he  quan t i ty  o f  imparted heat  is f u l l y  

determined by heat  conductivity o f  t h e  medium, t h a t  is 

where 

AS a s impl i f i ca t ion  t h e  hea t  exchange process is regarded as t h e  elementary 

phenomenon of heat  t r a n s f e r  only by heat  conductivity, introducing t h e  concept 

of t h e  equivalent hea t  conductivity coe f f i c i en t  Aequiv' In  t h i s  case, the  

quant i ty  Q of heat  t r ans fe r r ed  by cont igui ty  i s  determined from t h e  expression
C 

C261 

A 
Q

C 
= kcF(TPI - TP2 = equiv F ( T ~ ~- T ~ ~ ) .  (11.9) 

6 
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Then %. (11.6) can be wr i t t en  i n  t h e  form 

In studying t h e  effect o f  pores ( i n t e r c a l a t i o n s )  on heat conductivity it 
is customary t o  determine t h e  r a t i o  of t h e  equivalent heat  conductivity co­

e f f i c i e n t  Aequiv t o  t h e  heat conductivity coe f f i c i en t  f o r  t h e  m a s s  of s o l i d  

m a t t e r  i t se l f  A -
s o l  

(11.11) 

This r a t i o  i s  ca l l ed  t h e  convection coe f f i c i en t .  

Its numerical value character izes  the  e f f e c t  of convection i n  t h e  heat trans­

fer from t h e  hot t o  t h e  cold w a l l s  of pores. 

The heat exchange phenomenon i n  pores is completely determined by the  l a w s  

of f r e e  movement [271. 

Since c i r cu la t ion  is governed by the difference i n  d e n s i t i e s  of heated and 

cold p a r t i c l e s  and is determined using t h e  c r i t e r i o n  

Nu = f ( G r  P r ) ,  (11.12) 

'con must a l s o  be a function of t h i s  s a m e  argument, t h a t  is 

e = f l (Gr * P r ) ,con 

where 

Nu, G r ,  P r  a r e  t h e  Nusselt,  Grashof, and Prandtl  numbers, respect ively.  

The presence of pores i n  a rock leads t o  an increase i n  t h e  radiant  heat  

exchange between t h e  surfaces  of t he  pores through the a i r  ( g a s )  ce l l s  separating 

them. 

The effect of convection on t h e  heat conductivity c o e f f i c i e n t  f o r  rock w i l l  

be t h e  greater t h e  larger t h e  c e l l s .  This is graphical ly  i l l u s t r a t e d  i n  Table 11, 

giving t h e  values of t h e  a i r  hea t  conductivity coe f f i c i en t  f o r  pores of d i f f e r e n t  

s i z e s  C261. 
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- - - -  

TABLE 11. VALUES OF THE HEAT CONDUCTIVITY COEFFICIENT 
- ~­-

A, cal/m-hour=degree f o r  a pore diameter (MUI) 

OC 
~­

0 0.020 0.022 0.024 0,038
:300 0.037 0.053 0,069 0.198 
.700 1 0.0'16 1 0,086 1 0.126 1 0.4'14 

Commas represent decimal po in t s -

The heat  conductivity o f  a rock i n  a general case is i n  cubic dependence 

on porosi ty  P ( i n  f r a c t i o n s  of un i ty )  [28]: 

where 

A. is t h e  rock heat  conductivity coe f f i c i en t  i n  t h e  absence o f  porosity.  

If AQ of heat  is imparted t o  a rock with t h e  m a s s  m and t h e  rock temperature L49 
is thereby increased from T t o  T + AT degrees, it can be assumed t h a t  

AQ = C AT, (11.14) 
where 

C is a p ropor t iona l i t y  f ac to r ,  ca l l ed  rock heat capacity,  cal/m3.degree; 

c = cy 

c is t h e  s p e c i f i c  hea t  capacity of t he  rock, cal/kg-degree; 
0 

y is  rock s p e c i f i c  gravity,  kg/mJ. 

Rock heat capacity is a funct ion of mineralogical composition and can be 

computed using t h e  m i x t u r e  formula [Zg] 

where 

c
i i s  the  s p e c i f i c  heat capacity of t h e  minerals making up t h e  rock; 

xi is the  content o f  corresponding minerals i n  f r a c t i o n s  of un i ty  of t he  

t o t a l  rock weight. 

The mixture formula can be used i n  computing the  heat capacity o f  a moist 

sock i n  a case when i ts  moistm-e content by weight does not  exceed 15-2C1%~ 

The dependence of rock heat  capacity on temperature w a s  introduced only 
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f o r  a s implif ied model of a c r y s t a l l i n e  state [26]. 

As is w e l l  known, t h e  mean heat capaci ty  C of a rock i n  the temperaturem 
range T1 and T2 is 

(11.16) 

where 

g is t h e  quan t i ty  of heat required f o r  increasing t h e  rock temperature from 

T1 t o  T2 degrees. 

The t r u e  heat capacity a t  t h e  temperature T is 

where 

dq is t h e  quan t i ty  o f  heat  required f o r  increasing t h e  rock temperature 

from T t o  T + dT degrees. 

If the quan t i ty  q of heat required f o r  heating t h e  rock from t h e  temperature 

T
1 

t o  the  temperature T
2 

i s  proportional t o  the  temperature difference T
2 

- T1’ 
C is a constant value which does not change with an increase i n  temperature and 

is equal t o  C . m 

In  most cases q changes by a d i f f e r e n t  l a w  and t h e  dependence of C on m 
temperature can be represented by t h e  following empirical formula: 

cIn = ‘-1=.+bT--CT-2, 
11.18)

T 


where 

a and b are constants. 

I t  i s  known t h a t  under weak external  e f f e c t s  rocks exh ib i t  e l a s t i c  resis- &O 

tance t o  d i l a t a t i o n  and compression. 

Figure 20 shows a schematic representat ion of t he  dependence o f  t he  fo rces  

between p a r t i c l e s  on the  dis tance between them; t h e  K2 curve corresponds t o  

repulsion and K
1 

t o  a t t r a c t i o n  [301. 

The r e s u l t a n t  forces  are expressed by t h e  curve K1 = -K 2; i ts  shape is 

s i m i l a r  t o  t h e  K2 curve s ince  with an increase i n  the  dis tance between p a r t i c l e s  

t h e  fo rces  of repuls ion change t o  a greater degree than t h e  forces of a t t r a c t i o n .  

When K1 - K2 e 0 ( i n t e r s e c t i o n  of t h e  curve with t h e  X - a x i s  a t  t h e  dis tance p
0 

) 

t h e r e  is an equilibrium of p a r t i c l e s  and p
0 

corresponds t o  t h e  dis tance between 
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them. The p o t e n t i a l  energy of two contiguous p a r t i c l e s  is 

a b 
(11.19) 

cp= --+pP"' 
where 

m and n are exponents corresponding t o  t h e  change i n  t h e  fo rces  of a t t r a c t i o n  

and repuls ion as a funct ion of distance.  

H e r e  m i s  equal t o  approximately 3, 
range. However, i n  a l l  cases n > m. 

Force 
0 *rl 

o k 

kc, 


Distance 

k 
0 

FI 

but  n f o r  d i f f e r e n t  rocks v a r i e s  i n  a wide 

This i nequa l i ty  means t h a t  during 

heating rocks expand. A s  is w e l l  known, 

during heating t h e  amplitude of p a r t i c l e  

o s c i l l a t i o n  increases.  A withdrawal of 

a p a r t i c l e  from a contiguous one w i l l  

l e ad  t o  a lesser counteraction o f  t he  

fo rce  of repulsion during approach of 

p a r t i c l e s .  As a r e s u l t ,  t he  pos i t i on  of 

t h e  c r y s t a l  l a t t i ce  point  changes ( t h i s  

point  is t h e  cen te r  near which t h e  p a r t i c l e  

o s c i l l a t e s )  and t h e  equilibrium dis tance 

po increases.  
Figure 20. 	 D i a g r a m  of  i n t e r a c t i o n  of 

fo rces  among p a r t i c l e s .  This r e s u l t s  i n  an increase i n  t h e  

l a t t i c e  constant,  t h a t  is, thermal expan­

sion occurs. If t h e  K1 - K
2 

curvewere s t r a i g h t ,  t h e  amplitude o f  p a r t i c l e  

o s c i l l a t i o n s  would increase during heating, but i n  t h i s  case p
0 

would not change 

and t h e r e  would be no thermal expansion. 

Under t h e  influence of temperature, various thermal effects can occur i n  

minerals: dissociat ion,  dehydration, d i s in t eg ra t ion ,  fusion, e t c .  Such e f f e c t s  

a r e  usual ly  accompanied by heat  absorption o r  release. The quan t i ty  of heat Ah 

which t h e  component (mineral)  absorbs with t r a n s i t i o n  from a s o l i d  t o  a l i q u i d  

state i s  ca l l ed  t h e  heat of fusion. Fusion i s  the  c r i t i c a l  state of a mineral 

i n  which as a r e s u l t  o f  a temperature increase -the cohesive fo rce  among p a r t i c l e s  Lsl 
i n  t h e  s p a t i a l  c rys t a l  l a t t i ce  is relaxed t o  such an extent  t h a t  t h e  mineral 

m e l t s .  



- -  

2. 	 Me&hxds-. for.Measur-ing th-e Th-eqal  rrop-ert.ies of  Rocks 
as-5 F F c t i o n  o f  Temperature~-

DeteDingt-ion of -the H e a t  Conductivity, Thermal 
DiffusgviAy and H e a t .  .Capa-city of R o c k s  

The methods f o r  measuring t h e  ind ices  o f  t h e  thermal p rope r t i e s  of rocks 

are divided i n t o  two groups: 

1) s t a t i o n a r y  hea t  f l u x  methods; 

2) nonstationary hea t  f l u x  methods. 

Nonstationary heat  flux methods can be c l a s s i f i e d  i n t o  r egu la r  and i r r e g u l a r  

heat r e g i m e  methods. 

The s t a t i o n a r y  heat  f l u x  and r egu la r  nonstationary heat f l u x  r e g i m e  methods 

are unwieldy and a t  high temperatures do not give t h e  required accuracy. 

Accordingly, they have l i t t l e  a p p l i c a b i l i t y  i n  studying t h e  thermal p rope r t i e s  

of rocks as a funct ion of temperature. 

Among t h e  i r r e g u l a r  reg ime methods t h e  use of a source of constant and 

instantaneous i n t e n s i t y  [31, 321 is  of p a r t i c u l a r  i n t e r e s t .  

These methods m a k e  it possible  t o  determine the  heat conductivity 

coe f f i c i en t  h and the  thermal d i f f u s i v i t y  coe f f i c i en t  a of rock i n  one experi­

ment. 

The b a s i s  of t h e  source of constant i n t e n s i t y  method is the  heating of two 

semibounded rods a t  whose contact t h e r e  i s  a source of constant i n t e n s i t y .  The 

computation formulas f o r  t he  method a r e  as follows: 

( I I. 20 1 

( 11.21 1 
A =  7 q  )Iar, cal/m- hour. degree

I/; ATh 

where 

q is  t h e  s p e c i f i c  heat  flux, 

q"-' 0.864P 
2F ' 

2P i s  hea te r  power, P = I R; 

I i s  t h e  current  measured from ammeter readings during t h e  experiment, A; 

R is hea te r  r e s i s t i v i t y ,  ohms; 
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F is  hea te r  area, m L ;  


T is  t i m e ,  hours; 


ATh, AT 
X 

are hea te r  temperature and temperature a t  t h e  dis tance x from L52 


t h e  heater ,  degrees; 

ierfc u is t h e  Cramp function der ivat ive.  

The volume heat capacity of a rock is determined from the  known thermo­

physical c h a r a c t e r i s t i c s  a and 1 determined from one experiment. 

Figure 21 is a diagram o f  t h e  experimental apparatus f o r  determining t h e  

heat  conductivity and thermal d i f f u s i v i t y  coe f f i c i en t s .  

The t e s t e d  rock samples w e r e  prepared i n  t h e  form o f  a paral le lepiped 

measuring 50 x 50 x 20 mm. A n  electric hea te r  EH, having t h e  configuration 

of a p la te ,  i s  f ab r i ca t ed  from Nichrome 0.1 mm thick.  Temperatures ATh and 

AT
X 

are measured using two d i f f e r e n t i a l  copper-constantan thermocouples 2 and 

3 with t h e  thermoelectrodes being 0.1 mm i n  diameter. The hot end of thermo­

couple 3 is  f i t t e d  between t h e  hea te r  and t h e  sample; t he  hot  end of  thermcouple 

2 is a t  a dis tance of 5-6 mm from the  heater.  

The cold ends of the thermocouples f i t  i n  the sample a t  a dis tance of 45 mm 

from the heater.  

The thermocouples are connected through a r e s i s t ance  box 5 t o  an automatic 

potentiometer 4 and are ca l ib ra t ed  with it i n  advance. 

T e s t s  a t  high temperatures are made using a heat ing furnace i n  which t h e  

samples, hea t e r  and thermocouples are placed. P r i o r  t o  onset of t h e  experiment 

a conductimeter, consis t ing of rock samples, a heater ,  thermocouple and clamp 1, 

is held i n  the .furnace u n t i l  t he  temperature of t h e  samples inc reases  t o  the  

furnace temperature and t h e  d i f f e r e n t i a l  thermocouples do not  show a temperature 

difference between t h e  hot and cold junct ions ( t h e  instrument hand is  set on t h e  

zero graduation). The temperature of t h e  samples i s  reg i s t e red  with a Chromel- L53 
A l u m e l  thermocouple, a l s o  f i t t i n g  i n t o  the  conductimeter. 

A f t e r  t h e  samples are heated t o  a d e f i n i t e  temperature t h e  e l e c t r i c  hea te r  

is switched on. A voltmeter i s  used i n  measuring t h e  voltage drop and a w a t t ­

m e t e r  and ammeter f o r  measuring current  parameters. 
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Figure 21. 	 Diagram o f  t h e  apparatus for complex 
determination of  t he  hea t  and thermal 
conduct ivi ty  coef f ic ien t  of rocks. 

A t  t h e  s a m e  t i m e  a system is ac t iva t ed  f o r  r eg i s t e r ing  t h e  t i m e  change 

i n  AT and AT .
h X 

The experiment i s  considered s a t i s f a c t o r y  i f  i n  the  coordinates AT - -/q 
t h e  change i n  ATh and AT 

X 
i s  l i n e a r ;  t h e  ATh s t r a i g h t  l i n e  passes  through the  

o r i g i n  o f  coordinates.  Deviations a r e  observed i n  those cases  when t h e  thermal 

contact between t h e  hea te r  and t h e  samples is unsat isfactory.  

The b a s i s  f o r  t h e  second method is  t h e  heat ing o f  two semibounded rods with 

an instantaneous hea t  source a t  t h e i r  contact.  

The computation formulas f o r  t h i s  method are as follows: 

where 

x i s  t h e  d is tance  from t h e  hea t  source t o  t h e  temperature gauge, m ;  

7 is t h e  t i m e  when t h e  temperature maximum is reached a t  the  d is tance  max 
x, hours; 

where 

k z  0*'42- , l / m  i s  a constant ;  
1000 F ( i G  
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F i s  t h e  hea te r  area; 


P =IU I ;  


U, I are t h e  voltage and current  drop, respect ively;  


T is  t h e  durat ion of t h e  current  impulse; 


AT i s  t h e  maximum excess o f  temperature over t h e  ambient temperature 

max 

a t  t h e  dis tance x from t h e  heater ;  

e is t h e  base of natural  logarithms. 

I n  order  f o r  t h e  e r r o r  i n  determining t h e  thermal d i f f u s i v i t y  coe f f i c i en t  

not t o  exceed 1%t h e  following condition must be observed 

23T e 0.01o. ( 11.24) 

The layout of t h e  apparatus is  s i m i l a r  t o  t h e  o the r  (see Figure 21). The 

difference i s  t h a t  i n  t h i s  apparatus only one thermocouple 2 is used. 

A d i f f e r e n t i a l  thermocouple is connected t o  a potentiometer and is first 

ca l ib ra t ed  with it. The thermal impulse i s  imparted by connecting an electric 

hea te r  t o  the  electric i l luminat ion network through a reducing transformer RT, 

and a t i m e  r e l a y  TR, The duration of t he  thermal impulse is checked by an 

e l e c t r i c  t i m e r .  

The r e g i s t r y  of AT = f ( 7 )  i s  with a standard automatic potentiometer 4 .  

A heating furnace is a l s o  used i n  high-temperature tests. A thermal impulse 

is imparted t o  t h e  e l e c t r i c  hea te r  through t h e  t i m e  r e l a y  i n  o rde r  t o  reach a 

d e f i n i t e  furnace temperature. A t  t h e  same t i m e ,  t he  system f o r  r eg i s t e r ing  

ATx = f ( 7 )  is cut  i n .  

A shortcoming of t he  method i s  t h e  s m a l l  temperature change AT
X 

(several  

degrees);  t h i s  r e s u l t s  i n  e r r o r s  i n  computing and a. 

Determining t h e  Coeff ic ient  of Linear Thermal 
Expansion of Rocks 

Now we w i l l  examine t h e  change i n  c r y s t a l  s i z e  under t h e  influence of 

temperature (thermal deformation) a t  constant pressure. The thermal expansion 

of most c r y s t a l s  i s  an i so t rop ic  and can be expressed by a diagram of the  co­

e f f i c i e n t  of l i n e a r  expansion, whose value is determined from the  expression 
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where 

is crystal length a t  t h e  temperature T; 
dl  is t h e  thermal deformation caused by a temperature change by dT degrees. 

The change i n  c r y s t a l  s i z e  with heating from a temperature T0 t o  T1 is  

expressed by t h e  exponential dependence 

(11.26) 

If it i s  assumed t h a t  p = const, expression (11.26) is simplif ied:  

where 

to  is t he  i n i t i a l  c r y s t a l  length.  

Since t h e  c o e f f i c i e n t s  of l i n e a r  expansion o f  rocks are s m a l l  and i n  order  

of magnitude are p.10'5 degree-', from t h e  l a t te r  equation w e  have the  l i n e a r  

expansion l a w  

(11.28) 

hence 

All the  q u a n t i t i e s  on t h e  right-hand s ide  of t he  equation can be determined 

on t h e  appparatus (Figure 22) C331. 

A rock sample 6 i s  i n s e r t e d  i n  t h e  hea te r  5, which is a tube around which L55 
a Nichrome c o i l  i s  wound; t h i s  sample i s  held between two quartz  rods. A 

f ixed  rod 7 is at tached t o  a support 8 which i s  mounted on a baseplate  9. The 

moving quartz  rod 3 is held i n  t h e  support 1, which has a spring. 
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Under the  inf luence o f  temperature 

t h e  rock sample expands, causing a 

longi tudinal  movement of t he  moving rod; 

t h i s  is reg i s t e red  by a mechanical 

extensometer 2. 

In order  t o  prevent heating of t h e  

mechanical p a r t  o f  t h e  apparatus the  

hea te r  i s  placed i n  a cooling housing 

4 with c i r c u l a t i n g  water. 

The sample temperature i s  measured 
Figure 22. D i a g r a m  of apparatus f o r  

determining t h e  c o e f f i c i e n t  
by thermocouples on t h e  sample and is 

of l i n e a r  thermal expansion r eg i s t e red  with an e l e c t r o n i c  potentio­
of rocks. meter. 

The coeff ic ient  of l i n e a r  expansion f o r  t h e  inves t iga t ed  rock i s  computed 

from the  readings of t h e  temperature difference between any two heating points  

on t h e  specimen and from the  r e l a t i v e  l i n e a r  expansion f o r  t h i s  temperature range. 

Determining t h e  Surface Temperature of Heated Rock-
D u r i n g e D e s t r u c r  

In the  theory and p r a c t i c e  of d r i l l i n g  i n  hard rock a determination of t he  

temperature of t h e  i r r a d i a t e d  rock surface i s  of great importance i n  se l ec t ing  

t h e  optimum heat flux parameters. For example, i f  t h e  des t ruc t ion  temperature 

is close t o  the  temperature of energy r e l ease  of the rock o r  i ts  components, 

f o r  t h i s  rock the re  must be a heat f l u x  whose temperature is equal t o  the 

destruct ion temperature. The imparting of heat  must be accomplished with a high 

i n t e n s i t y  (with a high heat t r a n s f e r  c o e f f i c i e n t ) .  

The described method is based on t h e  fact  t h a t  during rock heating i t s  

r e s i s t ance  changes: with a temperature increase rock r e s i s t a n c e  usual ly  de­

creases. Figure 23 shows t h e  regions o f  t he  dependence of r e s i s t ance  on 

temperature. 

By constructing a c a l i b r a t i o n  curve of t he  dependence of rock r e s i s t ance  

on temperature and measuring t h e  surface l a y e r  r e s i s t ance  during t h e  b r i t t l e  

f r ac tu r ing  process, one can determine t h e  destruct ion temperature. 
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Figure 2 3 .  	 Dependence of r e s i s t ance  of 
microquartzite 1 and 
ferruginous q u a r t z i t e  2 on 
temperature. 

Figure 24 is a diagram of the  L56 
experimental apparatus f o r  determining 

t h e  temperature of b r i t t l e  f r ac tu r ing  

of rocks during t h e i r  exposure t o  

thermal stress. 

I n  measuring rock r e s i s t ance  a 

dc voltage is imparted t o  the  i r r a d i ­

a t e d  sec to r  through two point  s i l v e r  

e lectrodes 1. The e l ec t rodes  a r e  

pressed t o  t h e  rock surface by the  

spr ings 2 and a r e  shielded from the heat 

f l u x  by t h e  heat  i n s u l a t o r  3 .  The 

current change during heating is 

reg i s t e red  with an N-700 oscil lograph. The rock r e s i s t ance  a t  t he  t i m e  of de.. 

s t r u c t i o n  i s  determined from t h e  oscillogram f o r  t he  current  passing through t h e  

rock with a constant voltage across  the  contacts.  The rock r e s i s t ance  a t  any 

time is determined from the  current  amplitude. 

The oscillogram (Figure 2 5 )  shows jumps i n  current amplitude a t  t h e  t i m e  

of p a r t i c l e  separation. 

Figure 24. 	 D i a g r a m  of apparatus f o r  Figure 2 5 .  Oscillogram of process of 
determining temperature separat ion of rock p a r t i c l e :  
o f  b r i t t l e  f r ac tu r ing  of  1) change i n  current 
rocks. s t rength;  2 )  rock temperature. 
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The l a y e r  o f  rock through which t h e  current  flows i s  o f  some thickness.  

When measuring resistance t h e  mean temperature of t h i s  l a y e r  is  given. It w a s  

e s t ab l i shed  by spec ia l  i nves t iga t ions  t h a t  t h e  thickness  o f  t h e  rock l a y e r  

through which t h e  current  flows is not  more than 15% of t h e  thickness  of t h e  

destroyed p a r t i c l e  [25]. 

3. 	 P a t t e r n s  of Chang-e i n  Thermal-Properties of Rocks 
a t  High Temperatures 

Dependence of H e a t  Conductivity, Thermal E i f fAs iv i ty  
-Prope r t i e s  o f  Rocks 

The heat conduci t ivi ty  and thermal d i f f u s i v i t y  of rocks are dependent on 

t h e i r  mineralogical composition, density,  s t ruc tu re ,  porosity,  moisture content 

and pressure.  Rock salt,  s y l v i t e  and anhydrite have increased hea t  conductivity 

i n  comparison with o the r  minerals. A n  increased heat  conductivity and thermal 

d i f f u s i v i t y  is a l s o  c h a r a c t e r i s t i c  of rocks whose e l ec t ron  hea t  conductivity 

component a t t a i n s  high values;  t h i s  is because the  process of hea t  t r a n s f e r  by 

e l ec t rons  occurs morerapidly than c r y s t a l - l a t t i c e  o s c i l l a t i o n  heat  t r a n s f e r .  

These rocks include: graphite,  dense ferruginous and polymetall ic o r e s  con­

t a i n i n g  hermatite, magnetite, p y r i t e ,  e tc .  

Table 12 gives data  character iz ing t h e  dependence of t h e  heat  conductivity 

and thermal d i f f u s i v i t y  of rocks on t h e  percentage content of o r e  admixtures. 

The heat conductivity and thermal d i f f u s i v i t y  of rocks are dependent on t h e  

g ranu la r i ty  of t he  minerals forming t h e  rock. Coarse-grained rocks have a 

g rea t e r  heat conductivity and thermal d i f f u s i v i t y  than rocks with f ine  and 

intermediate g ra ins  because t h e  l a t te r  contain many f i n e  mineral p a r t i c l e s  and 

accordingly t h e r e  are many contacts  between them which have a reduced heat  con­

ductiv ity. 

Table 13 gives  data f o r  a number of rocks having a d i f f e r e n t  s t r u c t u r e  

desp i t e  i d e n t i c a l  chemical-mineralogical composition and porosity.  
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TAB- 12. 	 DEPENDENCE O F  INDICES O F  THERMAL PWPERTIES O F  
INVESTIGATED ROCKS ON PERCENTAGE CONTENT O F  ORE 
ADMIXTURES AT A TEMPERATURE 2 0 0 ° C  (POROSITY P = 
0.7 t o  2.3) 

-
?ercent-

Rock 	 nge o f  o r e  
admixtures 

ndices  of thermal p rope r t i e s
-., c a l / m - h r - degree a. 10’3, mz/hr 

Gabbro (Zhdanovskoye deposit  

Serpent inized p e r i d o t i t e  
(Zhdanovskoye deposit  ) 

Mineralized serpent inized 
p e r i d o t i t e  (Zhdanovskoye 
deposit  ) 

Ore-free q u a r t z i t e , p a r a l l e l  t o  s tr  
t i f i c a t i o n  (Olenegorskoye depos i t )  

Ferruginous q u a r t z i t e  (Olenegorsko 3 

deposit  ) 

Albitophyre (T = 2 0 ° C ) *  
(Degtyarskoye depos i t )  

Copper p y r i t e  

* D a t a  taken from [@I. 

1.15 

3-38 

12.30 


16.32 

53- 58 

1 - 2  

97 

____;-­

1.689 

2.05 

2.6 

2.8 

4.0 

1.7 

8.5 - 34 

2.56 

2.8 

3.64 

3.84 

5.6 

-


-
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TABLE 13. DEPENDENCE OF INDICES OF THERMALPROPERTIES OF 
INVESTIGATED ROCKS O F  IDENTICAL CHEMICAL-
MINEFULOGICAL COMPOSITION ON G R A I N  SIZE 

Thermal parameters I 
ine-grained s t ruc tu re  Intermediate and coarse-

I grain s i z e  up t o  2 mm) grained s t ruc tu re  (grain 
Temp- k 

- 1 7  D t , e r  t han  3, mm Data 
Rock /era- s 

- k  s , taken 
'a from 

.) 4 \ t u r e  
0 I0 0 ; 
0 U A I 

(Shartashskoye
deposi t )  * * * * 

Granite (Rovnen, . . 
skoye deposi t )  

200 1,15 

2.76 

0,602 1,05 0.78 

1.75 

1.3 

2 3  

II 

i , 
0,601 

0,604 

I 
! 

I
I 
I 

0,95 

1,l 

, I -
I 
, -

Granite gneiss
(Smolinskoye deposi 1.8 O,G:, 1.35 2,6 

Estonian kucker 0,G1 0,173 - 0,11 

Clay shale  . . . /  17 - - - 1.008 

t u r e  T! N\ 
6 

N
\ 

E a, ' Litera-

Granite 
I ;I II 

Sandstone (Tkibuli- 20 0.752 j
I - Z92 

Shaorskoye deposit ) 

Commas represent decimal points. 
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The da ta  i n  Table 13 show t h a t  t h e  values o f  t h e  hea t  conductivity and L59 
thermal d i f f u s i v i t y  coe f f i c i en t s  f o r  a fine-grained s t r u c t u r e  are smaller than 

f o r  a coarse-grained s t ruc tu re .  

Porosi ty  exerts a subs t an t i a l  effect on t h e  thermal p rope r t i e s  of rocks. 

In  most cases t h e  hea t  conduct ivi ty  and thermal d i f f u s i v i t y  of  rocks decrease 

with an increase  i n  poros i ty  (Table 14).  

TABLE 14. 	 DEPENDENCE O F  INDICES O F  THERMAL PROPERTIES O F  
ROCKS ON POROSITY WITH CONSTANT CHEMICAL-
M INERALOG ICAL COMPOS I T I O N  

Rock 

Quar t z i t e  
(Pervoural 1 skoye

deposi t  ) 

Porous q u a r t z i t e  
Coal 
( L i  sichanskoye

deposi t  
Dense l imestone 
Porous l imestone 

= a ,  i
la, 


c,
h” 2: o a ,
*?I ( d E  a - t o - a ,2 i > a  m2/hoL
$ 8  (d.io 

0 200 2.14 333 

20 200 1.23 2.56 
-18.7 

37.5 - 0.132 
-43.5 0,12 0.385 

-- 100 2.92-1,73 
- - 1.91-0.9s -

Commas represent  decimal points .  

The lower l i m i t  o f  hea t  conduct ivi ty  f o r  highly porous rocks is t h e i r  

hea t  conduct ivi ty  and thermal d i f fus iv i ty .  I n  t h e  d i r ec t ion  perpendicular t o  

s t r a t i f i c a t i o n  the  heat  conduct ivi ty  coe f f i c i en t  on the  average of l0-30% lower 

than along t h e  s t r a t i f i c a t i o n ;  the  thermal d i f f u s i v i t y  coe f f i c i en t  can be reduced 

by 100% (Table 15). 

The l a t t e r  fact ind ica t e s  t h a t  along t h e  cleavage planes t h e  p a r t i c l e s  
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enter ing  t h e  c r y s t a l  la t t ice  i n t e r a c t  more in t ens ive ly  and v ice  versa,  molecular 

motion perpendicular t o  t h e  cleavage planes is  considerably weaker. 

Rock s t r u c t u r e  exerts a subs t an t i a l  effect on hea t  conductivity.  The heat  

conduct ivi ty  of rocks i n  a c r y s t a l l i n e  state i s  much higher  than i n  an amorphous 

state. For example, when a heat  f l u x  is propagated p a r a l l e l  t o  t h e  axis i n  a 

qua r t z  c r y s t a l  t h e  heat  conduct ivi ty  coe f f i c i en t  i s  11.7 cal/m-hour*degree, 

whereas f o r  amorphous quar tz  g l a s s  it is 1.2 cal/m-hour* degree. 

A s  mentioned above, t h e  heat  capaci ty  of rocks is  dependent on t h e  physical 

TABLE 15. 	 INDICES OF THERM& PROPERTIES OF INVESTIGATED 
ROCKS RELATIVE TO STRATIFICATION 

~ 

Temp-
Rock 	 era­

t u r e  
T, *C 

he-free q u a r t z i t e  
(Olenegorskoye deposi t  1 200 

Ferruginous q u a r t z i t e  
(Olenegorskoye depos i t )  200 

Grani te  gneiss  
(Olenegorskoye deposi t  1 200 

Sul fu r  c h l o r i t e  sha le  
(Krivoy Rog depos i t )  20 

20lCaal 50 

Quart z i t i  c sandstone 100 

Marble 100 

Grani te  gneiss  100 

6% 

Indices of thermai proper t ies  f o r  

II s t r a  if i c  ion i t i f i  i t ior-­m k -I k 
a, 

\ 
s ' m  \ 

sa 
ai cu e- a "Ec n w. 

(? n ni I I 
0 IO2 2 d d 

2 ;  (d a (d- - ­
2.8 3.84 1.31 2.43 3.3; ­

4.0 5.6 1.5 3-78 5.2E ­
2.2e 3 . 1 1  1-31 1.9 2.7 ­

2.5 *.9 - 2.25 4.4 C 341 

1.221 1.69 - ) .204 0.64 C261 
1.224 1.71 - ).211 0.67 C261 

3.82 - 1.OE 3.64 - C351 

2.16 - 0.7; 2.05 - C351 

2.38 - - 1.73 - C351 
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TABLE 16. INTERDEPENDENCE O F  DENSITY AND HEAT CAPACITY OF 
CARBON AND SULFUR 

- ­

- ._ - . . . . . -. .- .I-_ -. - . -

prope r t i e s  of t he  component minerals. It  should be noted t h a t  t h e  determined 

experimental heat  capacity values agree w e l l  with t h e  data obtained using t h e  

mixture formula (11.15). The deviat ions do not exceed 216%. It w a s  e s t ab l i shed  L61 
t h a t  with a densi ty  increase t h e  s p e c i f i c  heat  capacity of minerals i s  reduced 

E1ement Allotropic  modi f i c a t i o r  

. .  -

Carbon 	 Diamond 
Graphite 
Coal (gas  coal ) 

Sulfur  	 Rhombic 
Monoclinic 
Insoluble amorphous 
Solubk amorphous 

. -_ -

Spec i f i c  g rav i ty  Spec i f i c  heat  
g/ c m 3  capacity, 

cal/kg degree 

3 - 518 0.1128 
2.25 0.1604 
1.285 0.204Q 

2.06 0.1728 
1.96 0.1809 
1 8.9 0.1902 
1.86 0.2483 

(Table 16, Figure 26). 

Figure 26. 	 Curve of dependence of 
s p e c i f i c  heat  capacity 
on s p e c i f i c  g rav i ty  of 
minerals when T = 200OC. 

C . l  	 g r e e  

/

f 
Figure 27. 	 Curve of dependence of 

volume heat  capacity on 
rock densi ty  f o r  T = 200OC. 
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TABLE 17. DEPENDENCE O F  ROCK HEAT CONDUCTIVITY [ 3 5 ]  
ON WETTING AND PRESSURE 

.-

A l p  %VP 
~ - ' ).# 9 76 con 

% 

. . .  .- . .  

13 
22 
40 
4 
2 1.65 
4 0.625 

lo 	is the  hea t  conductivity of dry rock not subjected t o  compression 
a t  45°C;  

A h  is t h e  heat conductivity increase af ter  wetting i n  w a t e r ;  

A h  	 is t h e  increase i n  the hea t  conductivity of dry rock af ter  
compression t o  700 kg/cm2; 

A X  is  t h e  heat  conductivity increase f o r  w e t  rock a f te r  compression 
wp t o  700 kg/cm2; 

h is t h e  maximum heat  conductivity f o r  compressed and wetted rock. 
con 

The volume heat  capacity values increase with an increase i n  densi ty  

(Figure 27). Analysis of t h e  experimental data shows t h a t  when a l l  other  para­

meters are equal t h e  heat  capaci ty  has a higher value f o r  rocks with a fine-

grained s t ruc tu re .  The fo rces  of i n t e r a c t i o n  among g l a s s  atoms are the s a m e  a s  

f o r  t he  c r y s t a l l i n e  modification of t h i s  substance. Accordingly, heat capacity 

is not  dependent on whether a rock i s  i n  t h e  amorphous o r  c r y s t a l l i n e  s t a t e .  

For example, t he  heat  c a p a c i t i e s  of c r y s t a l l i n e  and fused qua r t z  are iden t i ca l .  L62 

With an increase i n  rock moisture content t h e r e  is usua l ly  an increase i n  

t h e  heat conductivity and thermal d i f f u s i v i t y  coe f f i c i en t s ,  accompanied by an 

increase i n  heat capacity. For example, t he  heat conductivity of moist sand­

stones is 36% grea te r  than f o r  dry sandstones (Table 17) .  If the  moisture con­

t e n t  of coal i s  increased by 5% (from 1.29 t o  6.28%), t h e  heat conductivity and 

thermal d i f f u s i v i t y  c o e f f i c i e n t s  of t h e  coal increase by a f a c t o r  of about 1.7 
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and heat  capacity increases  by a f a c t o r  of 1.1 (Table 18). 

TABLE 18. 	 INFLUENCE OF THE DEGREE OF MOISTENING ON THE 
INDICES OF COAL PROPERTIES O F  THE KUZNETSK 
BASIN [36] 

. __ - . - ­. 

Coal moisture Thermal d i f f u s i v i t y  
content W, coe f f i c i en t  a. 10-3, coeff ic ient ,  

-___I_-.-

m2/hour
____- -..I. . --

cal/m. hour. degree 
.--_.-I- ~ 

1.29 0.358 0.110 

1.85 0.399 0.124 

3.57 0.487 0.142 

5-05 0 * 534 0.168 

6.09 0.595 0.181 

6.28 0.625 0.187 
6.80 0.675 0.188 

8.26 0.717 0.210 

9-56 0 - 730 0.220 

. _ _ _ _ _  - . .  

H e a t  conductivity seat capacity c,
X, 
 cal/kg* degree 

-. ~ 

0 370 
0.388 

0.384 

0.424 

0.416 

0.426 

0.409 

0.437 

0.453 

The heat conductivity o f  rocks increases  with increased pressure.  For 

example, a t  a pressure of 700 kg/cm2 t h e  hea t  conductivity of limestones i s  

22% higher than a t  normal pressure ( see  Table 17) .  

Dependence of Coefficient -of Linear Thermal Expansion 
er t ies  of Rocks 

The highest  absolute  value of t h e  coe f f i c i en t  of l i n e a r  thermal expansion 

has been r eg i s t e red  for quar t z i t e .  The value of t h i s  coe f f i c i en t  usual ly  de­

creases with a decrease i n  t h e  percentage content of quartz  i n  rocks (Table 19) .  

The coe f f i c i en t  of l i n e a r  thermal expansion of rocks is considerably 

a f f ec t ed  by porosi ty;  with an increase i n  porosi ty  t h e  coe f f i c i en t  of l i n e a r  

thermal expansion usual ly  decreases. For example, f o r  ferruginous q u a r t z i t e  i n  

t h e  Pervouralfskiy deposit  owned by t h e  Dinasovoy Plant,  having a porosi ty  of 

a%,t he  l i n e a r  thermal expansion coe f f i c i en t  d i f f e r s  by approximately 10%from 

t h e  l i n e a r  expansion coe f f i c i en t  f o r  q u a r t z i t e  from t h i s  same deposit, i n  which 

porosi ty  is absent (see Table 14 ) .  
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The direction of stratification also exerts an influence on the coefficient 


of thermal expansion of rocks. The coefficient of linear thermal expansion, 


measured parallel to the stratification, can be three times greater than the co- L63 
efficient measured perpendicular to the stratification (see Table 15). 

TAl3LE 19. 	 DEPENDENCE OF COEFFICIENT OF LINEAR THERMAL 

EXPANSION OF ROCKS ON QUARTZ CONTENT 


Rock Temperature, 
OC 

SiOz, 

5% 
p - 10-5, 

-1degree 

Data from 
literature 

Microquartzite 
(Bakal1 skoye deposit) 225-275 98 1.7 

Granite (Rovnenskoye 
deposit) 225-275 28.25 

22* 75 
1.5 
1.25 

--
Quartzites 20-100 98 1.1 C351 

Sandstone 20-100 95 1.o C351 

Granite 20-100 25 0.83 C351 

Diorite 20-100 20 0.72 C351 
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TABLE 20. VALUE OF COEFFICIENT OF THERMAL LINEAR EXPANSION 
O F  INTERMEDIATE, BASIC, ULTRABASIC AND SEDIMENTARY 

ROCKS 

Diabase ( B a k a l  1 skoye 
deposit  ) 

Shale ( B a k a l  1 skoye 
deposit  ) 

Gabbro (Zhdanovskoye 
deposit  

Pe r i  dotite (Zhdanovskoye 
deposit  ) 

Andesite 

Basalts,  gabbro, dia­
bases 

Sandstone 

Limestone 

Marble 

Shale 

Temperature Mean coe f f i c i en t  of D a t a  taken 
OC 1i n e a r  thermal from 

expansion, degree-1 l i t e r a t u r e  

150-300 1.0 . -

-200-300 0.97 . 

100-300 0.62 . -

100-300 0.49 -
20-100 (7+2) - i o-6 C351 

20-100 (5.4+1) 10-6 C351 

20-100 (10+2) C351 

-20-100 (8+4) C351 

20-100 (7f2)  io-6 
C351 

20-100 (9+1) i o-6 C351 

For intermediate, basic ,  u l t r a b a s i c  and sedimentary rocks "he coe f f i c i en t  

of l i n e a r  thermal expansion usual ly  does not exceed 1 ~ 1 0 ' ~degree-' (Table 2 0 ) .  

With a f u r t h e r  temperature increase the re  i s  a smooth increase i n  t h e  coe f f i c i en t  

of l i n e a r  thermal expansion. 

In most cases, assuming an i d e n t i c a l  chemical-mineralogical composition and L64 

porosity,  t he  coe f f i c i en t  of  l i n e a r  thermal expansion o f  rocks with a fine-

grained s t r u c t u r e  is g rea t e r  than for  those with an intermediate and coarse-

grained s t r u c t u r e  (see Table 13).  
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Dependence of H e a t  Conductivity aKd - _Thermal Di f fus iv i ty ,  
H e a t  Capacity and Coeff ic ient  of Linear Thermal Expangion__ _. 

of Rocks on Temperature 

The heat  conductivity coe f f i c i en t  f o r  pure (na t ive )  m e t a l s  decreases with 

a temperature increase.  Aluminum is an exception. The r a t i o  o f  t h e  heat con­

duc t iv i ty  coe f f i c i en t  t o  t h e  e l ec t ron  conduction coe f f i c i en t  remains approxi­

mately constant a t  d i f f e r e n t  temperatures f o r  ffpureffmetals (Wiedemann-Franz 

l a w )  C301: 

A/XT = const. 

A,ca,l/m*hou:. degrFe -
a 

Figure Z G .  	 curves of the dependence OX t n e  neat  
conductivity coe f f i c i en t  of minerals 
on temperature [ 3 5 ] :  a- v i t r eous  
s t r u c t u r e :  1- fused quartz;  2- obsidian; 
b- c r y s t a l l i n e  s t ruc tu re :  1- quartz  
( It o  t h e  o p t i c a l  a x i s )  ; 2- c a l c i t e  (I 
t o  t h e  o p t i c a l  a x i s ) .  

If A is  measured i n  W/cm-degree, absolute temperature i n  OK, and x i n  

ohms
-1 

.cm 
-1 , f o r  ffpureffmetals t h i s  value v a r i e s  i n  t h e  range 2.1 - 2.8'10 

-8 

2 2
V /degree . This i s  evidence of a close physical nature  of heat and e l e c t r i c  

conductivity because both phenomena are caused by t h e  presence of conduction 

e l ec t rons  i n  metals (free e l ec t rons ) .  

The heat conductivity coe f f i c i en t  f o r  semiconductor minerals changes 

d i f f e r e n t l y  with a temperature change. 
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Figure 28 shows curves of t h e  dependence of  t h e  heat  conductivity of some 

minerals on temperature. 

It w a s  e s t ab l i shed  t h a t  f o r  minerals with a v i t r eous  s t r u c t u r e  (Figure 28, 

a )  	t h e  heat conductivity coe f f i c i en t  increases  almost l i n e a r l y  with a temperature 

increase;  f o r  minerals with a c r y s t a l l i n e  s t r u c t u r e  (Figure 28, b )  t he  heat  con- L65 
duc t iv i ty  coeff ic ient  decreases with a temperature increase.  The nature  of  t he  

decrease i n  t h e  heat  conductivity coe f f i c i en t  has a well-expressed nature  i n  t h e  

temperature range up t o  +200°C, after which t h e  change i n  t h i s  coe f f i c i en t  i s  

usual ly  l i n e a r .  Accordingly, i n  rocks i n  which a c r y s t a l l i n e  s t r u c t u r e  pre­

v a i l s  one should expect a decrease i n  heat conductivity with an increase i n  

temperature. 

In  rocks characterized by a dense 

c r y s t a l l i n e  s t r u c t u r e  (qua r t z i t e s ,  g ran i t e  

gneiss, e t c . )  t h e  heat conductivity co­

e f f i c i e n t  decreases with a temperature 

increase (Figure 29 and Table 21).  

In most cases the  heat conductivity 

coe f f i c i en t  f o r  rocks of  t h i s  type changes 

sharply i n  the  temperature range 200­

25OOC. A t  higher temperatures t h e  change 

i n  t h i s  coe f f i c i en t  i s  l i n e a r
Figure 29. Dependence of rock heat 

conductivity coe f f i c i en t  

on temperature: 1- = A2000 11 -+b (T -aoo")], 

ferruginous q u a r t z i t e  

(Olenegorskoye deposi t )  ; where
2- dolomite (Bakal'skoye 

deposit  ) . T i s  temperature, OC; 


b is t h e  heat  conductivity tempera­

t u r e  coe f f i c i en t .  

The value b is negative s ince  heat conductivity is decreased with heating. 

It  has been experimentally es tabl ished t h a t  f o r  q u a r t z i t e s  and grani toid 

b = 2.8010 -4 and f o r  sha le s  and dolomite b = 4.2-10-4 . 
The t r a n s f e r  of thermal energy i n  porous and permeable multiphase rocks 

which have maximum or p a r t i a l  water s a tu ra t ion  ( w a t e r - ,  gas- and petroleum­
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sa tu ra t ed  sands, sandstones, s i l t s t o n e s ,  limestones, coa l s )  occurs f o r  t h e  most 

p a r t  through heat  conductivity and convection o f  t h e  pore space f i l l e r .  

The f i l l e r  behaves d i f f e r e n t l y ,  depending on temperature (Table 2 2 ) .  

The heat  conductivity o f  rocks with open pores d i f f e r s  from t h e  heat  con­

duc t iv i ty  of rocks with closed pores. 

I n  open pores t h e  a i r  ( g a s )  moves and more favorable heat exchange condi­

t i o n s  are created than i n  a case when t h e s e  pores are f i l l e d  with a s o l i d  mass, 

even with a greater heat  conductivity than f o r  a i r .  

For example, t h e  presence o f  pores (P  = 20%)exerts an inf luence on the  

nature  of t h e  temperature dependence of porous ferruginous q u a r t z i t e .  Accordingly, 

t h e  1 value remains v i r t u a l l y  constant i n  a wide temperature range, s ince  i n  t h i s  L66 
case energy t r a n s f e r  by r ad ia t ion  does not exceed heat  t r a n s f e r  by heat con­

ductiv i  ty. 

TABLE 21. VALUES OF HEAT CONDUCTIVITY COEFFICIENT FOR ROCKS [ 3 5 ]  

eat con-
Rock 	 empera- u c t i v i t y  H e a t  

ture,  oef f ic i  e t capacity,  
= C  a l / m  h r  3Q cal/kg deg 

Granite 

Syeni te  

Dunite 

Dolomitized 
1i m e stone 

Marble 

Q u a r t z i t i c  
sandstone 

Shale 

- = 

0 3,02 0,192 
50 

IO0 
2.81 
2.59 -

200 2.34 0.228 
300 2.12 -
400 0,258 

50 I ,s9 0.17 
100 1.84 0.21 
200 1,79 0,237 

­

-0 4.46 
50 3.78 

100 3.4 
200 2,92 
130 1.41 
1s1 1.37 
268 1.29 
377 1.15 
118 
196 

1,44 
1,29 

0.21 
0,24-245 1,19 

360 0.95 0.271 
-0 4.9 

200 3.24 
0 1,G5 0.27-100 1.51 -

100 3.82 0,26
-

120 1.33 
188 1,41 0.24 
304 1,26 0,245 

C o m m a s  “epresent decimal points .  



With a temperature increase t o  200OC the  thermal d i f f u s i v i t y  coe f f i c i en t  

f o r  dense rocks usua l ly  decreases sharply. With a temperature increase t o  

450°C t h i s  coe f f i c i en t  changes more smoothly (Figure 30). A decrease i n  t h e  

thermal d i f f u s i v i t y  coe f f i c i en t  with a temperature increase t o  200°C i s  

accompanied by a marked decrease i n  t h e  heat conductivity coe f f i c i en t  and an 

increase i n  t h e  heat  capaci ty  coe f f i c i en t  ( i n  t h e  r a t i o  a = h/cp t h e r e  is a 

simultaneous decrease i n  t h e  numerator and an increase i n  t h e  denominator). 

As mentioned above, t h e  dependence of t h e  heat capacity of rocks on tempera­

t u r e  i s  a function of t h e i r  mineralogical composition. 

TABLE 22. DEPENDENCE OF THERMAL PROPERTIES OF FILLER ON L67 
TWERATURE 

- -_ _  
I I Index of thermal p rope r t i e s  o f  f i l l e r  a t  

- . ­

227 I 4 2 7  627 

6.05 I ­
-
-
-

0.2 0.35 0.51 
0.035 0.045 0.054 
0,246 0,257 0,268 

a 
a ,  m /hour; h, c a g L m * ; x r :  degree: C. c a l /ka*dea ree l  

Commas represent  decimal points .  

Table 23 gives  t h e  dependence of heat capacity of t he  p r inc ipa l  rock-

forming minerals on temperature and t h e  constants of Eq. (11.18). 

With an increase i n  temperature t h e  heat  capacity of t h e  minerals is in­

creased. A p a r t i c u l a r l y  sharp heat  capacity increase is observed i n  t h e  

temperature range from -200 t o  +200°C. 
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Figure 30. 	 Dependence of thermal 
d i f  f u s i v it y  coe f f i c i en t  
of rocks on temperature: 
1- gran i t e  (Rovnenskoye 
deposi t )  ; 2- p e r i d o t i t e  
(Zhdanovskoye depos i t ) .  

Figure 31. 	 Dependence of volume heat 
capaci ty  of rocks on temp­
e ra tu re :  1- amphibolitic­
magnetit ic ferruginous un­
oxidized q u a r t z i t e  
(Lebedinskoye deposi t )  ; 2­
granod i o r ite (Smo1inskoye 
deposit  ) . 

With an increase i n  temperature t h e  heat capacity of rocks a l s o  increases.  

Figure 31 i l l u s t r a t e s  t he  c h a r a c t e r i s t i c  changes i n  heat capacity o f  some rocks L7O 
as a function of temperature. A p a r t i c u l a r l y  sharp increase i n  heat  capacity is 

observed a t  a temperature up t o  200OC. With a f u r t h e r  temperature increase,  t h e  

heat capacity increases  i n s i g n i f i c a n t l y. 
Table 24 gives  t h e  constants of Eq. (11.181, se l ec t ed  from experimental 

r e s u l t s ,  f o r  some rocks. 

Figure 32 gives  t h e  change i n  heat capacity of coal as a funct ion of 

temperature. 
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TABLE 23. HEAT CAPACITIES OF PRINCIPAL ROCK-FORMING MINEFULS 

Constants for c 
P 

= (cal/kg degree), a t  temperature eq. c
P 
= 0.239 

O C  

Kao1i n ite - 0,222 0.244 - - -

Bari te  0.017 0.107G 0.12 0.1315 0,1555 -

Fluori te  0,0525 0.203 0,213 . 0.222 0.24 0,2ti3 

Dolomite - 0,222 a t  60°C - - 8 - -
Chalcopyrite - 0 ,129a t  woe - - - -

Arsenopyrite - 0 , 1 0 3 a t  55OC - - - -

Sider i te  0,056 0 163 - - - -
Hematite - 0.146 0,189 0,215 0.258 ­

-Magnetite 0.1435 0,1985 0,2222 -
Pyr i te  0,0179 0.1195 0,142 0,165 -
Ice 0,156 0,492 - - 1 -

Microcline - 0,lG3 0,227 
, 

0.248 0,342 

Orthoclase 1 - 0,146 0.226 0.251 0,347 0.043 0,124 0.351 

Garnet 1 - 1 0,177a-t 58°C - -I - i - i i - i -

Commas represent decimal points. 



TABLE 23 continued 

Mineral Compound 

Ma gnesite 

Pyroxene 

Amphibo1e 
01ivine 

Talc 

Albite 

Galena 
aqua r t z  

P-quartz 

Cassiterite SnOz 

Zircon ZrSiOd 

Labradorite 2Ab 3An 

Oligoclase 2Ah - 1An 

I:-graphite C 

Diamond C 

Apatite 

Serpentine 

Mica (mono­
crystal ) 

.Asbestos 

c (kcal/kg*degree), a t  temperature Constants f o r  
P OC 

cP = 0*239 
-200 0 200 400 800 1200 (a+bT-cT-2), cal/kg*degree 

0.0385 0.207 

- 0.18 

- 0,177 

0.0414 0.167 0.232 0,2695 - - 0,7574 0,007 0,168 
,- - - - 0,28 0.3165 0,503 i 0,383 0 

0,4077 

0,454 

-

- 0.1!6 _ I _ : _ , - -
I ! I - / -

Commas represent decimal points.  
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Figure 32. 	 Dependence of  mean s p e c i f i c  Figure 33. Dependence of coef f ic ien t  
hea t  capaci ty  of  t h i ck  coa ls  of  l i n e a r  thermal expansion 
on temperature [I]. 	 of  rocks on temperature: 

1- microquartzi te  
( B a k a l  1 skoye depos i t )  ; 
2- gabbro (Zhdanovskoye 
depos i t ) .  

TABLE 24. HEAT CAPACITIES OF INVESTIGATED ROCKS 

. .  ~ -

Granite (Shartashskoye 
deposit  ) 

Granodiorite 
(Smolinskoye deposi t )  

Diabase ( B a k a l  1 skoye 
depos i t )  

Gabbro (Zhdanovskoye 
deposit  

Quar t z i t e  (Bakal'skoye 
and Pervoural skoye 
deposit  

Shale ( B a k a l  f skoye de­
p o s i t  

Marble (mean of  s ix  
samples) 

_ _ - ~. 

Constants f o r  Eq. c 
P 

= 0.239 Error  i n  temperature 

(a+bT - c T - ~ )  cal/kg. degree r a n g e  18-45OoC, % 
. - . ~ 

a 
- _ _  _ _  .. . ­

0.964 0.252 0.294 +13 

0 * 955 0.29 0 * 233 112 

0.68 0.5 0.075 +17 

0.94 0.28 0.23 +14 

0.75 0.6 0.17 +8 

1.07 0.15 0.3 +12 

0.823 0.497 0.129 +9 
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TABLE 24 continued 
. - --. .. . _ - - __c 

- -- . ­- . .. . - .. 

Rock Constants f o r  Eq. c I 0.239 Er ro r  i n  
P temperature 

(a + bT - cTm2) cal/kg. degree range 18-450°C,
96 

-.~ - _  

Porcelain clay, kao l in  

Dio r i t e  (andesi te  50%, 
amphibole 40%, ortho­
clase 9% 

In  t h e  temperature range up t o  

a t t a i n s  a maximum a t  270-350"C; with 

0 

0.273 P11 

3 0 0 ° C  t he  hea t  'capacity of coal increases  and L7l 
a f u r t h e r  increase i n  temperature t h e  heat 

capacity of coal decreases, a t  l ,OOO°C approaching t h e  heat  capaci ty  of graphite.  

Now w e  w i l l  examine t h e  p a t t e r n s  of change i n  mineral parameters with t h e i r  

heating. Table 25 gives  data  on t h e  expansion of c r y s t a l s  as  a function of 

temperature with respect  t o  s i z e  with heating from 20°C. 

Table 25 shows t h a t  with an increase i n  temperature t h e  l i n e a r  and volume 

thermal expansion of minerals increases.  The rock dimensions a l s o  increase 

with heating. 

The coe f f i c i en t  of l i n e a r  thermal expansion of rocks usua l ly  increases  

with a temperature increase (Figure 33). In  the case of quartz ,  t he  coe f f i c i en t  

of l i n e a r  expansion has a maximum value i n  t h e  temperature range 570-65O"C. 

This e f f e c t  is obviously caused by t h e  polymorphic transformation of a-quartz 

i n t o  P y u a r t z .  Table 26 gives  t h e  values f o r  the thermal expansion of quartz  

a t  d i f f e r e n t  temperatures. 
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TABLE 25. 	 RATIO OF THERMAL EXPANSION OF CRYSTALS TO 
SIZE OF CRYSTALS WITH HEATING F R O M  2 0 ° C  [ 3 5 ]  

. -_ 
Expansion of crystals '$!$E:'' r e l a t i v e  t o  s i z e  with heat-

C r y s t a l  to cryfi ing t o  a temperature, " C . ­axek 100 I 200 I 400 1 600 1 800 

Ag 0.15 0.35 
-

AS 0.04 

Au 0.11 0.25 
-Bi !I st. 0.15 
-I st. 0,il

V.T.E.* 0,37 -

C (Diamond) 0.2 0,05 

cu 0.13 0.29 

Fe( pure) 0,12 025 
-S 0.65 

Zn I1 st .  0.57 1.16 

1 st .  0.14 0.39 


V.T.E. * 0.85 1.94 


Compounds with haloids  

C ~ F ?( f l u o r i t e )  0.16 -
K C l  ( s y l v i t e )  1 1 WE 1 0,(3 1.50 "54- I -2.S2NaCl  ha l i te )  0.74 l , i1 

~~ 

* Volume thermal expansion 
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TABLE 25 continued 


CuF& (Chalcopyrite) 
FcS2 (Pyrite) 

FemSI1 (Pyrrhotite) 


PbS (Galena) 

"lS (Sphalerite) 

I1gs (Cinnabar) 


A120, (Corundum) 

FesO4 (Magnetite) 
'no (.Cassiterite) 

CaC03 (Aragonite) 

Cn S 0 211 2 0  (Gypsum) 

Sulfides 


list. 0.02 
I st. 0.16 

V .T 'E. * 0,34 
0.14 
0.07 

:I st. 0.03 
I st. 0.25 

V.T.E,* 0.53 
0,15 
0.06 

I/ 0.17 
0.14V.!P.E.* 0.43 

Oxides 


/ I  st. 0.06 
I st. o 04 

V.T.E.* 0.14 
I! st. 0.06 
l. st. 0.06 

V. T. E.* 0.19 
0.07 

I1 st. 0.03 
I st. 0.03 

V;T,E.* 0.03 
0,03 

Carbonate 
II a 0.05 
II b 0, l l  
I I  c 0.20 

V.T.E.* 0.36 
! j  s.t. 0-17 

V.T.E.* 0.08 
(I st. 0,2W 

v.T.E.* 0,131 

L72 

0.30 
n.2.s 
O.SF 
-
-
-
-
-
-
-

0,29 

0.33 
0.74 
1.39 
2.48 
1 . O i  
0.60 
-
-

* Volume thermal expansion 
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TABLE 25 continued 

.- . __ 
1-5eiYfZ­
ion re-

C r y s t a l  
0 cry*Ia1 axes 

L73 
. ­. . .__. .. ~... ~ 

Expansion of  c r y s t a l s  % 
r e l a t i v e  t o  size with 
ing t o  a.temI -9,­
l o o  1 200 1 - 4 0 0  600 	 800 

~.-

S i 1ic a t e s  
Augite I I	loo 0.03 0.M 0.16 0.29 0,44

II b I 0.08 I 0,19 0.44 0.72 I .03 
1) c 0.04 0.10 0.23 0.36 0.51I V.T.E.* I 0.15 I 0.35 0.83 1.37 1,98 

Beryl II  s t - 0.007 0.011 - - ­
-1 st. 0,027 0.034 - - ­- ­v.T.E.* 0.061 0.079 -

Olivine I I  a. 0.04 0.10 0.26 0.43 0.58 
I I  b 0.08 0.18 0.43 0.74 1,04
I I  c 0.07 0.18 0.42 0,68 0.92 

: V.T.E.* 0.I9 0,46 1.11 1.35 2.54 
Orthoclase j I I a  0.12 0.32 0.69 1.08 1.48- - - ­! I I b  0,06 - - - ­v.T,E.* 0,20 
Zircon ‘I st. 0.03 0.08 0.20 0.34 0.48 

-I st.* 0.n2 0.05 0.11 0.19 0.23 
V.T.E* 0.07 0.17 0.42 0.73 1.05 

Muscovite (as- 0.03 0.15 0.37 0,IX 1.30
gregate)  il st. 0.0s - - - -

Tourmaline ! I  s t .  0.06 -
-	

__ -
-

-
­-V. T.E.* 0.20 

*Volume thermal expansion 

Commas represent decimal points .  
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Volume 

TABLE 26. THERMAL EXPANSION O F  QUARTZ ( I N  COMPARISON 
WITH QUARTZ DIMENSIONS AT ZOOC) 

- -._ _  - - ..- - . . ..- - ~ - . .  

Change i n  length Change i n  length
TemperatureIof quartz  c r y s t a l  of qua r t z  crystal. changeOC % i n  d i r ec t ion  % i n  d i r e c t i o n  %J . -- ~~---=k-axi s axis axis 

- __-. -

50 
100 
150 

0,03 
0.08 
0.12 

0.07 
0.14 
0.22 

0.17 
580O"$i(io0 

0,84
1.03 
1.02 

1.46 
1,76 
1 ,7G 

3 . X  
4.55 
4.54 

_L t o  c 

//
200 0.18 0.30 0.78 !Xi0 1.02 1.76 4.54 
250 0.23 0.40 1.03 

11 
700 1.01 1.75 4.5 1 

300 0.211 0.49 1.27 750 1.00 I .74 4.48 
350 0.36 0sio ZISG so0 0.07 1.53 4,43 
'100 0.43 0.72 1.87 8.50 0.94 l , i 2  4.38 
450 0 51 0.87 2.25 900 0.92 1.71 4.3$ 
so0 0.62 1.04 3,50 1000 0.88 l,ti!3 5.31; 
550 0.75 1.29 3.33 

Commas represent  decimal points .  

The coe f f i c i en t  of l i n e a r  thermal expansion o f  minerals and rocks i n  a L74 
l i q u i d  state ( a t  high temperatures) i s  several t i m e s  greater than t h i s  s a m e  

coe f f i c i en t  f o r  rocks i n  a c r y s t a l l i n e  state. For example, t h e  coe f f i c i en t  o f  

l i n e a r  thermal expansion of fused diabase is  four  t i m e s  greater than t h i s  s a m e  

coe f f i c i en t  a t  a temperature of 150" and 2.5 t i m e s  greater a t  a temperature of 

600°C (Table 27). 
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TABLE 27. 

Mineral rock 

Akermanite 


Diabase 


B a s a l t  


Dior i t e  


Plagioclase 


Copper 


Pure i ron  


Common sa l t  


Sylv i t e  


Diopside 


THERMAL EXPANSION O F  MINERALS AND ROCKS 
I N  A LIQUID STATE [35] 

- .. ­. . 

Temperature, 
OC 
_ _  . .. 

1458 
1200 

1250 

1250 

1480 

1083 

1535 
804 

776 
1391 

-

Thermal expansion
P 10-5, degree-1 

5.6 

3.8 
8.2 

14.0 

5.6 
14.3 
14.4 

36.7 
40.2 

6.4 

Physic0 chemic-aL Transfo-ma tion i n  Ro cks 
Under Thermal S t r e s s  

Rocks as multicomponent heterogeneous systems a r e  complex chemical forma­

t ions.  With a change i n  the  state of t h e  system under the  influence of external  

s t r e s s e s  a number of phenomena can occur i n  t h e  rocks. For example, during 

heating conditions can be created f o r  a transformation of the rock material  from 

one phase t o  another o r  the formation of a. new Phase. 

These phase t r a n s i t i o n s  include a number of physical and chemical phenomena: 

evaporation, condensation, fusion, hardening, t he  a l lo t ropy  and polymorphism 

phenomena, f e r r o e l e c t r i c  and a n t i f e r r o e l e c t r i c ,  ferromagnetic and an t i f e r ro ­

magnetic transformations, and transformation of rock from a normal t o  a super-

conducting state and vice versa. For example, a t  d e f i n i t e  heating temperatures 

processes occur within a rock which cause a change i n  the  i n t e r n a l  nature  of  t he  

minerals forming t h e  rock and i n  many cases profound s t r u c t u r a l  changes. 

These changes may be o f  a purely physical nature.  

If t h e  rock includes oxides, i n  add i t ion  t o  the  redox process and t h e  for­

mation of complex compounds, it is  most common t o  observe polymorphic trans­
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formations associated with a t r a n s i t i o n  o f  one c r y s t a l l i n e  form i n t o  another L75 
with a change i n  thermodynamic conditions. The chemical nature  of t h e  com­

pounds remains unmodified. 

Polymorphic transformations can be of two types: r e v e r s i b l e  (enant iotropic)  

f o r  which s t a b i l i t y  a t  d e f i n i t e  temperatures and pressures  o f  each o f  t h e  poly­

morphic modifications is possible ,  and i r r e v e r s i b l e  (monotropic), i n  which one 

modification during t h e  e n t i r e  t i m e  of its exis tence up t o  fusion is more s t a b l e  

than t h e  other.  

A l l  quar tz  transformations are reversible .  

Table 28 lists minerals with d i f f e r e n t  modifications [42]. 

TABLE 28. TEMPERATURE O F  TRANSFORMATION FROM ONE MODIFICATION 
TO ANOTHER 

Mineral Mod if ication Transi t ion 

Corundum 

Diamond + 
graphi te  

C a l c i t e  + 
aragoni te  

P y r r h o t i t e  

Su l fu r  

temperature, 
OC 

1500-1800 

3000 

400 
pressure 
~ O , O O O  a t m )  

138 

95.5 

In o t h e r  cases t h e r e  i s  a change i n  t h e  

forming the  rock. In such cases  they break 

o r  enter ing i n t o  chemical r eac t ions  with one 

s tances  (minerals).  

Mineral Modification 	 Transi t ion 
temperature, 

OC 

Chalcosite 91 
Iron 910 

Quartz  573 

chemical nature  o f  t he  minerals 

down i n t o  simpler chemical compounds 

another form new, more complex sub-

If a rock contains salts ,  such as carbonates o r  s u l f a t e s  and o the r  compounds, 

t h e  most important r eac t ions  which can occur a r e  combination, decomposition 

( p a r t i c u l a r l y  dissociat ion,  dehydration), reduction and oxidation. 

Thermochemical processes can a l s o  be c l a s s i f i e d  as r eve r s ib l e  and i r rever­

s i b l e .  For example, i f  thermal d i s soc ia t ion  occurs with t h e  release of the 
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gaseous phase, t h e  process i s  i r r e v e r s i b l e ,  t h a t  is, it t r a n s p i r e s  i n  one 

d i r ec t ion  during rock heat ing and does not recur  during i t s  cooling. 

Invest igat ions m a k e  i t  poss ib l e  t o  obtain t h e  m o s t  varied, p rec i se  and 

q u i t e  exhaustive information concerning t h e  i n t r a c r y s t a l l i n e  processes t ranspir­

ing during transformation. These methods include: methods based on t h e  

Mossbauer effect, electron-di f f r a c t i o n ,  neutron-di f f r a c t i o n  and roentgenographic 

methods and thermography. 

A thermal curve i n  t h e  form of a standard thermogram m a k e s  it possible  t o  

diagnose minerals and rocks, study t h e i r  s t ruc tu re ,  and on t h i s  b a s i s  determine L76 

t h e  engineering process f o r  ex t r ac t ing  a mineral. 

Figure 34. Thermograms of rocks from the  Altyn-Topkanskoye 
deposit .  a )  shale;  b )  sandstone; c )  granodior i te ;  
d )  skarn. 

Figure 34, a, b, and c shows thermograms f o r  shale,  sandstone and grano­

d i o r i t e .  On the  thermograms one can t r a c e  an endothermic e f f e c t  a t  a tempera­

t u r e  of about 6 5 0 " ~(it begins from approximately 560°C). The effect character­

i z e s  t h e  transformation of a-quartz i n t o  @-quartz and the  decomposition o f  
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f e ldspa r s  ( r e l e a s e  of cons t i t u t ion  w a t e r ) .  The endothermic e f f e c t  o f  a poly­

morphic transformation of SiOz is detectable  above 900°C.  

A n  increase i n  rock volume a t  573" l eads  t o  an increase i n  thermal stresses 

which immediately are leveled out due t o  the  decomposition o f  clayey components. 

Figure 34 d shows a thermogram f o r  skarn; t h e r e  is a c l e a r l y  detectable  

endothermic effect a t  570°C (transformation o f  a-quartz i n t o  P-quartz) and an 

endothermic e f f e c t  a t  855"C, probably associated with the  decomposition of  

garnets  and pyroxenes. 

Accordingly, a t  a temperature of 570°C an increase i n  t h e  volume of quartz  L77 
g ra ins  by i-2.796 w i l l  favor an increase i n  thermal stresses. 

In t h e  process o f  producing a mineral t h e  matter of con t ro l l i ng  phase 

t r a n s i t i o n s  assumes great importance; these t r a n s i t i o n s  can r a d i c a l l y  change 

t h e  p i c t u r e  of thermal stresses. Phase t r a n s i t i o n s  sometimes l ead  t o  a decrease 

i n  t h e  i n i t i a l  thermal stresses. In some cases, as a r e s u l t  of an increase i n  

t h e  rock volume and e las t ic  p rope r t i e s  t hese  stresses increase sharply, as occurs, 

f o r  example,in quartz  transformations.  In most cases q u a l i t a t i v e  transformations 

of  m a t t e r  associated with t h e  absorption of thermal energy cause an increase i n  

thermal s t r e s s e s .  The processes of d i s in t eg ra t ion  and destruct ion of c r y s t a l  

l a t t i c e s  are associated with heat release. These changes decrease the  thermal 

stresses. 
Any physicochemical transformation i s  character ized by a d e f i n i t e  tempera­

t u r e  and a d e f i n i t e  k i n e t i c s  of t h e  process, t h a t  is, by a c e r t a i n  rock heating 

r a t e .  

During prolonged rock heating d e f i n i t e  conditions p reva i l  f o r  t h e i r  physico­

chemical transformations. 

During heating, whose duration i s  f r a c t i o n s  of a second ( t h e  process of 

b r i t t l e  thermal f r ac tu r ing  of rocks by in t ens ive  heat f l u x e s ) ,  t h e  r o l e  of 

phase transformations i s  iaadequately c lear .  

Below we w i l l  give some r e s u l t s  from a study of physicochemical transfor­

mations of rocks containing quartz  and t h e  products of t h e i r  decomposition 

obtained during thermal d r i l l i n g .  



Chemical a n a l y s s  of rocks and _ t h s r o d u c t sOf tgeir thermal destruct ion.  

A study w a s  made o f  pure q u a r t z i t e s  from t h e  Bakallskoye i ron  o r e  deposi t  con­

t a in ing  up t o  92% SiOz and ferruginous q u a r t z i t e s  from t h e  Krivoy Rog and 

Olenegorskoye depos i t s  with a content of  4.0 t o  50% i r o n  and 50 t o  60% SiOz. 

In addi t ion  t o  t h e  i n i t i a l  rocks, a s tudy w a s  made o f  t h e  des t ruc t ion  

products (so-called Tfexfoliationff) obtained during the  thermal d r i l l i n g  o f  t hese  

rocks. 

I n  order  t o  avoid a thermal effect on t h e  exfo l ia ted  material from t h e  

emanating hot  gases, during t h e  thermal d r i l l i n g  process a plasma beam w a s  used 

which removed a l aye r  from t h e  rock surface with a thickness  of  one f texfo l ia t ion .Tf  

Destruction w a s  accomplished i n  such a way as t o  preclude a temperature effect  

on t h e  ex fo l i a t ed  l aye r s  a f t e r  t h e i r  separat ion.  

The i n a l t e r a b i l i t y  of t he  phases c h a r a c t e r i s t i c  f o r  t h e  i n i t i a l  rocks as a 

r e s u l t  of  energy re lease  was confirmed by roentgenographic methods. 

Thermographic s tud ie s  of-rocks. Thermographic ana lys i s  was with a Kurnakov 

chart-recording pyrometer under condi t ions of iiiiiform heating approxi­

mately t o  a temperature of 1 , O O O " C  with a heating r a t e  of  10 t o  12 degrees/min. 

Some heat ing o r  cooling curves, f o r  increasing s e n s i t i v i t y  i n  the  d i f f e r e n t i a l  L78 
thermocouple c i r c u i t ,  were r eg i s t e red  with R d i f  	

- 50 ohms.-
Figure 35 shows a heat ing curve f o r  a sample of  q u a r t z i t e  from t h e  

Bakal 1 skoye deposit ,  represent ing almost pure quartz .  

The curve r evea l s  an endothermic e f f e c t  with a minimum a t  a temperature 

of 5 8 8 O C  corresponding t o  a polymorphic transformation of  a-quartz i n to  @-quartz 

(which according t o  da ta  i n  the  l i t e r a t u r e  is  observed a t  573°C) and an exothermic 

effect with a maximum a t  a temperature of  778°C. 

The na ture  o f  t h i s  effect  has  not ye t  been c l a r i f i e d .  

A cooling curve f o r  t h i s  sample w a s  a l s o  r eg i s t e red ;  it shows an exothermic 

effect a t  a temperature of  560°c, corresponding t o  t h e  endothermic effect  on 

t h e  heat ing cuxve ( a s  is known from data  i n  t h e  l i t e r a t u r e ,  a l l  polymorphic 

t ransformations o f  quar tz  a r e  r eve r s ib l e ) .  

On t h e  cooling curves one can observe only exothermic effects,  because 
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according t o  t h e  second l a w  of thermodynamics, un le s s  t h e r e  is a compensating 

process t h e r e  can be no imparting o f  heat  from t h e  cooler  t o  t h e  heater .  The 

exothermic effect on the  cooling curve is reg i s t e red  as an endothermic effect 

on t h e  heating curve. 

buted t o  the  fact t h a t  during cooling 

t h e  temperature of t h e  transformation 

is reduced as a r e s u l t  of a l a g  i n  t h e  

process. Accordingly, on t h e  heating 

curves, t h e  temperature o f  t h e  polymorphic 

transformation i s  somewhat higher than 
i 

Figure 37 is  a thermogram f o r  ferruginous quartz  from t h e  Krivoy Rog 

deposit .  The q u a r t z i t e  samples contain 60 t o  65% quar t z  and 34  t o  36% 

ferruginous minerals i n  t h e  form of oxides (magnetite, hemati te) .  

The heating curve shows two thermal e f f e c t s :  one a t  a temperature of 60ooc, 

corresponding t o  a polymorphic transformation of quartz  (it must be assumed t h a t  

t h e  temperature s h i f t  i s  r e l a t e d  t o  the  high quartz  content i n  t h e  i n i t i a l  

sample), and a second a t  a temperature of 790"C, associated with a change i n  t h e  

c rys t a l  l a t t i c e  of hematite. 

A thermogram of a sample (Figure 3 8 )  w a s  a l s o  r e g i s t e r e d  after the thermal L79 
d r i l l i n g  of ferruginous q u a r t z i t e  i n  t h e  Krivoy Rog deposit  ( ex fo l i a t ed  material). 

The heating curve shows a double endothermic e f f e c t  a t  580 t o  620 and 750°C. 

The thermal e f f e c t  a t  540 t o  6 0 0 " ~is  duplicated on t h e  cooling curve; t h i s  is 

associated with t h e  polymorphism of quartz.  The thermal e f f e c t  a t  a temperature 

of 750°C corresponds t o  a polymorphic transformation of i r o n  oxides. 
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Figure 36. 	 Thermogram f o r  t h e  heat ing 
and cooling of quartz.  

580" 

Figure 38. 	 Thermogram f o r  t he  heating 
and cooling of "exfol ia tedff  
ferruginous q u a r t z i t e .  

Figure 37. 	 Thermogram f o r  ferruginous 
q u a r t z i t e  (Krivoy Rog depos i t ) .  

Figure 39, 	 Thermogram o f  q u a r t z i t e  
from t h e  01enegorskoye 
deposit . 

The corresponding thermogram f o r  ferruginous q u a r t z i t e  from the Olenegorskoye 

deposit  (see Table 30) i s  shown i n  Figure 39. The curve w a s  r eg i s t e red  with a 

r e s i s t i v i t y  of 50 ohms i n  t h e  d i f f e r e n t i a l  thermocouple c i r c u i t .  

The heating curve shows t h r e e  thermal e f f e c t s ,  two of  which are exothermic 

a t  temperatures of 350 and 750°C,  whereas one i s  endothermic a t  a temperature 

o f  570°C;  it is noted f o r  a l l  t h e  s tudied samples. 

The -thermal effect a t  a temperature of 350°C probably corresponds t o  a 

crystall ine process observed i n  oxide o r e s  containing i r o n  i n  t h i s  temperature 

region, whereas a t  7 5 0 ° C  it corresponds t o  polymorphism i n  t h e  Fe 0 c r y s t a l
2 3  
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la t t ice .  

A study of t h e  physicochemical transformations of rocks i n  t h e  Bakallskoye, 

Krivoy Rog and Olenegorskoye i r o n  o r e  deposi ts  makes it possible  t o  draw t h e  

following conclusions. 

The chemical composition of t h e  p r inc ipa l  components o f  t h e  inves t iga t ed  

rocks and t h e  products of t h e i r  thermal destruct ion remains constant;  t h i s  i s  

confirmed by chemical and x-ray invest igat ions.  

The heating and cooling curves reveal thermal effects corresponding t o  the  

polymorphic transformations of quartz  and i ron  oxides. 

Invest igat ion o f - the  Thermal P rope r t i e s  of Sulfur  O r e s__ 
and Country Rock -in the  Rozdol'skzye Deposit- _ -

The development of new geoengineering methods f o r  producing s u l f u r  requires  

a careful  study o f  t h e  physical p rope r t i e s  of s u l f u r  ores .  A t  t h e  present time 

t h e  only geoengineering method f o r  t h e  ex t r ac t ion  o f  s u l f u r  is i ts  melting-out 

by various heat  c a r r i e r s  and the re fo re  t h e  thermal parameters of o r e s  must be 

known f o r  improving the  s u l f u r  ex t r ac t ion  method. 

The s u l f u r  o r e s  o f  t h e  Rozdollskoye deposit  can be c l a s s i f i e d  as calcareous 

and clayey, depending on t h e  country rock. 

The limestones i n  which s u l f u r  is found are usual ly  massive, f i s s u r e d  and 

cavernous. The caverns are f i l l e d  with c a l c i t e .  The s u l f u r  content i s  r a the r  

s t a b l e  and f a l l s  i n  the  range 20 t o  30%. A fine-grained type of s u l f u r  (g ra in  

s i z e  0.005 t o  0.025 mm) predominates i n  the  deposit  and accounts f o r  about 60% 

of the  t o t a l  quantity.  

Another va r i e ty  of s u l f u r  which occurs i n  t h e  deposit  i s  coarse-crystalled,  

represented by well-delimited c r y s t a l s  o f  a considerable size (up t o  5-7 mm).  

Coarse-crystalled s u l f u r  forms pockets, seams and i n t e r c a l a t i o n s .  Cryptocrystall ine 

su l fur ,  cons t i t u t ing  about 8% of  a l l  t h e  s u l f u r  i n  t h e  deposit ,  forms inclusions 

of d i f f e r e n t  configuration and size which have a dense appearance. 

The country rocks are represented by limestones, gypsoanhydrites and 

anhydri tes  which contain no s u l f u r .  

The heat  capacity of t h e  s u l f u r  increases  l i n e a r l y  with a temperature 
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increase  t o  1 0 5 ° C  C39-J. I n  t h e  temperature range 105 t o  1 1 5 ° C  t he re  is a change 

i n  hea t  capaci ty  assoc ia ted  wi th  t h e  fusion of  a l l  su l fur .  With f u r t h e r  heat ing 

a slower increase  i n  hea t  capaci ty  occurs. 

The s p e c i f i c  hea t  conduct ivi ty  of s u l f u r  decreases uniformly t o  a tempera­

t u r e  of 95°C (Figure 40);  then it drops o f f  sharply ( i n  t h e  temperature range 

95 t o  1 1 5 " ~ ) .  

A s l i g h t  increase  i n  t h e  hea t  conduct ivi ty  o f  l i q b i d  s u l f u r  i s  observed 

a t  higher  temperatures. 

The heat  conduct ivi ty  and hea t  capaci ty  of  s u l f u r  o r e s  are usua l ly  g rea t e r  

than t h e  hea t  conduct ivi ty  and hea t  capaci ty  o f  s u l f u r  and calcite. This can 

be a t t r i b u t e d  t o  t h e  presence of  moisture. 

a ,  c a l / m .  hour-degree 
I '  I 7 ---I 

Figure 40. 	 Dependence of  hea t  
capaci ty  and hea t  con­
ductiv i  t y  coeff ic i  en t  
of  s u l f u r  on temperature. 

revea ls  t h a t  f o r  most s u l f u r  o r e s  the re  

approximately t o  a temperature of + 7 0 ° C  

80 t o  9o0C, a maximum hea t  conduct ivi ty  

a sharp dropoff [43 1. 

The coef f ic ien t  o f  l i n e a r  thermal 

expansion of  s u l f u r  increases  with a 

temperature increase.  The value of  t h i s  

coef f ic ien t  f o r  s u l f u r  o r e s  i s  s m a l l e r  

than f o r  pure su l fur .  

The thermal p rope r t i e s  of  c a l c i t e  

remain v i r t u a l l y  unchanged i n  t h e  con­

sidered range. Temperature exerts a 

subs tan t ia l  effect on t h e  thermal pro­

p e r t i e s  of  s u l f u r  o re s  and country rock. 

Analysis of  t h e  experimental da ta  

i s  a decrease i n  heat conductivity 

(Figure 41 a ) .  In t h e  temperature region 

value i s  observed, a f te r  which the re  is 

Thus, t he  change i n  hea t  conduct ivi ty  of su l fu r  o r e s  with an increase i n  

temperature d i f f e r s  from t h e  hea t  conduct ivi ty  of  pure su l fur .  A t  a temperature 

of  9 0 ° C  rhombic s u l f u r  may undergo a t r a n s i t i o n  i n t o  monoclinic s u l f u r  and there­

f o r e  t h e  presence of a maximum point  on t h e  heat  conductivity curve may be 

a t t r i b u t a b l e  t o  t h i s  polymorphic t r ans i t i on .  
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The decrease i n  heat conduct ivi ty  t o  t h e  minimum po in t  is obviously caused 

by drying-out of t h e  rock samples, whereas i t s  sharp decrease with a temperature 

increase above 90" i s  caused by t h e  fusion of su l fu r .  

The dependence of t h e  heat  capaci ty  of most s u l f u r  o r e s  on temperature a l s o  

d i f f e r s  t o  a considerable degree from t h e  corresponding dependence f o r  pure 

s u l f u r  (Figure 41 b). 
The curves of t h e  dependence o f  hea t  capacity on temperature f o r  s u l f u r  

o r e s  cons i s t  of t h ree  segments. Up t o  a temperature of 7 0 ° C  t h e  hea t  capacity 

e x h i b i t s  a smooth decrease. I n  t h e  temperature region 80 t o  90°C t h e r e  i s  an 

increase and then a decrease i n  hea t  capacity.  The first segment i s  obviously 

r e l a t e d  t o  t h e  drying-out of t h e  ore,  whereas t h e  maximum point  corresponds t o  

a polymorphic transformation of su l fu r .  

The dependence of t h e  thermal d i f f u s i v i t y  of s u l f u r  o r e s  on temperature 

i n  most cases  i s  character ized by a minimum value of 90°C and a maximum a t  t h e  

melting point ,  a f t e r  which t h e r e  i s  a decrease i n  t h e  thermal d i f f u s i v i t y  co­

e f f i c i e n t  (Figure 41 c ) .  

The coe f f i c i en t  of l i n e a r  thermal expansion of s u l f u r  o r e s  inc reases  with 

a temperature increase.  This coe f f i c i en t  has two maxima which can be t r aced  f o r  

almost a l l  t h e  o r e  samples (Figure 41 d) .  The first maximum f a l l s  i n  t h e  region 

60 t o  7 0 ° C  and t h e  second i n  t h e  region 90 t o  1 1 0 ° C ;  t h e  second maximum i s  

greater than t h e  first. 
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The heat  conductivity and thermal d i f f u s i v i t y  of t h e  country rock are higher 

than t h e  heat conductivity and thermal d i f f u s i v i t y  of t h e  s u l f u r  ores .  

The temperature curves f o r  t h e  country rocks, i n  con t r a s t  t o  those f o r  t he  

ores ,  do not have any anomalous points .  In most cases t h e  hea t  conductivity,  

thermal d i f f u s i v i t y  and hea t  capacity c o e f f i c i e n t s  decrease l i n e a r l y  with a 

temperature increase (Figure 42 a, b, c ) .  The coe f f i c i en t  of l i n e a r  thermal 

expansion f o r  t h e  country rock increases smoothly (Figure 42 d ) .  

Invest igat ions of t h e  thermal p rope r t i e s  of s u l f u r  o r e s  and country rock 

f o r  t he  Rozdollskoye deposit  make it  possible  t o  determine t h e  optimum para­

meters f o r  t he  subterranean melting-out of su l fur ,  compute t h e  heat  accumulation 

zones, and control  t h e  technical  operat ions i n  production. 
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a 

A,cal/m*
hour-degree b 

,- .. 
' I - c. cal/kg degree 

Figure 41. Curves of the dependence of heat conductivity, heat capacity, 
thermal diffusivity and coefficient of linear thermal expansion 
of sulfur ores on temperature: 1) gray limestone, streaky-
impregnated sulfurization, crystalline sulfur; 2) gray lime­
stone, finely impregnated sulfurization, clayey intercalations 
present; 3 )  gray limestone with a banded structure, thickness 
of limestone layers up to 1.2 cm, thickness of calcite and 
sulfur layers 2 to 5 nun; 4 )  unconsolidated limestone, found 
at depth of 56.3 m; 5 )  dense limestone, streaky impregnated 
sulfur, at depth of 54.5 m; 6) fissured limestone, finely 
impregnated sulfurization; 7) strong limestone, finely im­
pregnated sulfurization, clayey material is observed. 

97 

I 




e, cal/kg* degree
a m I , 
A 

Figure 42. 	 Curves o f  dependence of heat conductivity ( a )  
hea t  capacity,  ( b )  thermal d i f f u s i v i t y ,  ( c )  
and c o e f f i c i e n t  of l i n e a r  thermal expansion 
( d )  f o r  country rock on temperature: 1) fine-
grained limestone without su l fur ,  with clayey 
i n t e r c a l a t i o n s ,  depth 41.6 m; 2) fine-grained 
limestone, depth 56.7 m; 3 )  f i n e l y  impregnated 
limestone; 4 )  clayey limestone without s u l f u r i ­
zat ion;  5 )  gray limestone, streaky-impregnated 
s u lf u r i  sa tion, c r y s t a ll i n e  su l fu r .  

4. Examples of t h e  U s e  of Thermal Propert ies  of Rocks 

Change i n  t h e  thermal p r o p e r t i e s  of rocks i s  used extensively i n  solving 

various problems: i n  t h e  thermal destruct ion of rocks and determining the para­

meters of t he  heat exchange process i n  t h e  underground melting-out of sulfur .  

As is well known, thermal destruct ion methods a r e  used i n  d r i l l i n g  shot 

holes  and boreholes i n  hard rock, i n  t h e  secondary f r a c t u r i n g  of rocks, and 

i n  o the r  cases of  constructing mine workings. 

The p o s s i b i l i t y  and e f f i c i ency  o f  applying these methods f o r  t h e  breaking-

o f f  of hard rocks are determined primarily by t h e i r  physical  propert ies .  

Below we w i l l  examine t h e  problems involved i n  determining t h e  conditions 

f o r  t h e  thermal destruct ion of rocks and evaluating t h e i r  effect iveness .  
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Validation of a Rock D r i l l a b i l i t v  Scale When 
Using Thermal Method 

The advantages of thermal d r i l l i n g  of some extremely hard rocks are w e l l  

known. However, t h e  physical nature  of t he  destruct ion process has not ye t  

been adequately studied. 

Study of t h e  process of rock destruct ion by a d i r ec t ed  heat  f l u x  e s s e n t i a l l y  

involves so lu t ion  o f  t he  thermoelast ic i ty  problem with boundary conditions of 

t h e  t h i r d  kind. 

A s  demonstrated by t h e  experience of f i r e  d r i l l i n g ,  t h e  s i z e  of t he  sepa­

r a t i n g  p a r t i c l e s  during b r i t t l e  f r ac tu r ing  of t h e  rocks is much less than t h e  

size of t h e  heating spot. Accordingly, it can be assumed without great  e r r o r  

t h a t  i n  a semi-infinite rod t h e  heat is propagated along t h e  X-axis (along the 

normal t o  the  surface o f  rock hea t ing ) ,  t h a t  t h e  temperature gradient along t h e  

radius  of t h e  heating spot aT/az i s  i n f i n i t e l y  s m a l l  i n  comparison with the  

gradient aT/ax, and t h a t  a source with t h e  constant i n t e n s i t y  q is  operat ive a t  

t h e  rock surface ( x  = 0)  a t  t h e  i n i t i a l  t i m e .  Accordingly, one must solve the 

d i f f e r e n t i a l  heat conductivity equation 
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dT (5.1 )  0 a"T (5. 1 )~ ~ i . - - ~.-_ _  ­
3x2 ' 

with the  boundary conditions 

where 

T(x, t )  is t h e  body temperature a t  thetime t and a t  t h e  distance x from 

t h e  heating plane; 

a, 1 are t h e  thermal d i f f u s i v i t y  and heat conductivity coe f f i c i en t s .  

Invest igat ions revealed t h a t  with heating of t h e  half-space ex i s t ing  during 

thermal d r i l l i n g  the  following so lu t ion  of t he  heat conductivity equation can 

be used with a s u f f i c i e n t  degree of accuracy 

i0 =2c Ti icrfc-,2 1 / F o ,  
(11.32) 

where 

T i  i s  t h e  Tikhonov c r i t e r i o n ;  
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Ti =Bi, I/x; 

B i
X 

is the  Biot c r i t e r i o n ;  

Fo
X 

i s  the  Fourier c r i t e r i o n ;  

a, h, a a r e  t h e  heat  t r a n s f e r ,  hea t  conductivity and thermal d i f f u s i v i t y  

c o e f f i c i e n t s; 

8 is a dimensionless parameter; 

T(x, t )  is  rock temperature a t  t h e  t i m e  t and a t  t h e  d i s t ance  x from the  

heating plane; 

Teff i s  t h e  e f f e c t i v e  (mean) temperature of t h e  j e t ;  

T
0 

is the  i n i t i a l  rock temperature. 

The parameter c determines t h e  nature  of heat  t r a n s f e r  t o  t h e  rock by t h e  

g a s  j e t  : 

where 

AT - - T *
surf - Tsurf 0' 

T
sur f  

i s  the  surface temperature of the rock a t  t h e  t i m e  of i t s  destruct ion.  

The appearance of a high temperature f i e l d  leads t o  the  appearance of  thermal L85 
stresses and under d e f i n i t e  conditions leads t o  a dynamic e f f e c t  i n  t h e  rock. 

The rock destruct ion method can be invest igated by t h e  method which is 

employed i n  computing stresses and s t r a i n s  a r i s i n g  i n  t h e  welding process [38]. 

W e  w i l l  v i sua l i ze  t h a t  a semi- inf ini te  body c o n s i s t s  of an i n f i n i t e  number 

of longi tudinal  rock rods which are not connected t o  one another'2. 
__ 

2. 	 W e  w i l l  examine a quasi- isotropic  s t a t e  of rock. Heating of  t h e  rock by a 
Itreactive" to rch  does not  r e s u l t  i n  melting o r  any loss i n  t h e  e l a s t i c  
p rope r t i e s  of t he  rock. 
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The s t r a i n s  a r i s i n g  i n  t h e  rod can be determined using the equation 

e = p  A T ( z ,  t ) ,  (11.34) 

where 

p is the  coe f f i c i en t  of l i n e a r  thermal expansion of  rock. 

The s t r a i n  curves (see 11.34) correspond i n  shape t o  the  T(x, t )  curves, 

although t h e i r  true value is expressed by a d i f f e r e n t  scale .  

Now w e  w i l l  examine t h e  t r u e  s t r a i n s  which can a r i s e  i n  a rock. Some rocks 

i n  t h e  half-space are not free and are interconnected. The connection between 

a f i b e r  and i ts  neighbors r e s t r i c t s  t h e  freedom of  i ts  movement when i t s  length 

changes. The true s t r a i n s  w a r e  not equal t o  t h e  possible  s t r a i n s  determined 

by Eq. (11.34). 

The difference between t h e  possible  and t r u e  s t r a i n s  determines t h e  stressed 

s t a t e  of a rock: 

where 

IJ is t h e  normal s t r e s s ,  kg/cm 2 ;
Z 
E is  t h e  e las t ic  modulus, kg/cm 2. 

The s ign i n  t h e  brackets  i n d i c a t e s  t he  nature of t he  s t r e s s  ( d i l a t a t i o n a l  

o r  compressive). 

W e  w i l l  seek t h e  form of t h e  function A i n  t h e  solut ion of a d i f f e r e n t i a l  

equation i n  the form A I 1  - k
2

A = 0, which f o r  our conditions has the form 

A = A exp (-kx), 

where 

A and k are some constant values. 

During thermal d r i l l i n g  t h e  rock 

t h e  sum of a l l  i n t e r n a l  fo rces  and the  

point  must be equal t o  zero, t h a t  is 

co 

0J o,dz=O; 

is  free of external  bonds and the re fo re  

sum of t h e i r  moments r e l a t i v e  t o  any 

m 

0J xo,ds==O. 
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Invest igat ions show t h a t  solut ion of Eq. (11.36) assumes t h e  form 

A .  .p ilgs'ri esp  ( -7' (11.37)1:)­1' Fc\, 

Subs t i t u t ing  the  determined values pAT(x, t )  and A i n t o  t h e  expression f o r  

normal stresses, w e  w i l l  have 

Analysis of Eq. (11.38) shows t h a t  normal stresses (compression) have a 

maximum value a t  t h e  heating surface and are compressive. With increasing 

dis tance from the surface t h e  compressive stresses decrease and a r e  transformed 

i n t o  d i l a t a t i o n a l  stresses ( they a t t a i n  a maximum) and when x -b m a r e  trans­

formed i n t o  zero. 

Now w e  w i l l  examine the  extremal U values:  z 

ry	m a x  = 0 .  128cpEATeffTi. 
com 

The abscissa  of t h e  point a t  which t h e  maximum d i l a t a t i o n a l  stresses occur 

can be found by taking the  de r iva t ive  of t h e  function of form (11.38) and 

equating it t o  zero: 

5 - 2 2.45 V'Z. (11.40) 

Then 

u	max = 0.0386cpEaTeffTi. ( 11.41 )
d i  1 

W e  w i l l  f i n d  the  r a t i o  of t he  extremal values 

max 
com = 3.32.

ry 

ry 
max 
d i1 

For most rocks t h e  compression s t rength is more than 3.32 times g rea t e r  

than the t e n s i l e  s t r eng th  [O]con([~]d i l  3 3.32 and the re fo re  i n  thermal d r i l l i n g  

t h e  d i l a t a t i o n a l  stresses more r ap id ly  a t t a i n  t h e  breaking point  than do t h e  
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compressive s t r e s s e s .  

However, under d e f i n i t e  conditions destruct ion of t h e  rock surface can 

occur by breaking-off as a r e s u l t  of t he  act ion of t h e  maximum shearing stresses 

caused by compression. 

Invest igat ions show t h a t  t h e  ana ly t i ca l  expression f o r  shearing stresses 

has t h e  form 

(11.42) 

where 

B is some constant value determining the  dis tance from the  center  of t he  

i r r a d i a t e d  area t o  the  p a r t i c u l a r  point ;  
2 

G i s  t h e  e ' l a s t i c  modulus of t h e  second kind, kg/cm . 
The surface shearing stresses are equal t o  zero. With increasing dis tance L87 

from the  surface i n  t h e  region of compressive s t r e s s e s  these  s t r e s s e s  a t t a i n  

a maximum, then change sign, again increase t o  a maximum, and tend t o  zero when 

x + m. In  absolute  value t h e  first maximum is much greater than t h e  second and 

therefore  the dis tance from t h e  surface where t h e  destruct ion p robab i l i t y  is 

g rea t e r  is determined using the  expression 

Invest igat ions show t h a t  i n  t h i s  place the  temperature of t he  exposed sur­

face is considerable. I t  must be expected t h a t  as the working face advances i t  

w i l l  increase u n t i l  a thermal e f f e c t  occurs (fusion, dissociat ion,  dehydration) 

i n  t h e  rock o r  i n  i ts  individual components. 

As a r e s u l t ,  it can be assumed t h a t  t h e  e f f e c t  of shearing stresses alone 

has a negative e f f e c t  on t h e  e f f i c i ency  of t he  thermal d r i l l i n g  process. 

In the  case of destruct ion from breaking s t r e s s e s ,  t h e  newly formed surface 

w i l l  be exposed t o  t h e  very s a m e  conditions t o  which t h e  destroyed surface had 

been subjected ( i t s  temperature is equal t o  the  i n i t i a l  temperature of t h e  rock, 

stress from t h e  surface disappears) .  I n  t h e  case of continuous imparting of 

heat (when working with a single-nozzle to rch )  t he  process is repeated and thus 



t h e  face moves forward. 

Its rate o f  advance is obviously 

h v = -t '  ( 11.44) 
SeP 

where 

h is t h e  thickness of t h e  separated p a r t i c l e  (ITexfoliated m a t e r i a l 1 1  ) 

t is t h e  t i m e  of i ts  separat ion from t h e  face.  
SeP 

Expressing h and t through t h e  ind ices  of t h e  physical p rope r t i e s  o f  
SeP 

t h e  rock and t h e  j e t  parameters, w e  ob ta in  

The rate of rock destruct ion i s  

(11.47) 

where 

c f  is  t h e  rock volume heat capacity.  

The p l a s t i c i t y  index v w a s  introduced i n t o  expression (11.47) f o r  taking 

i n t o  account t h e  rock p rope r t i e s ;  t h i s  index cha rac t e r i zes  the  r a t i o  of t h e  work 

of destruct ion t o  t h e  work o f  e l a s t i c  deformation. 

Expression (11.47) i s  approximate because it w a s  derived from a s implif ied 

model f o r  computing temperatures and stresses. However, i t  is  appl icable  f o r  

a q u a l i t a t i v e  evaluation of t h e  process. 
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TABLE 29. DRILLABILITY SCALE FOR ROCKS WHEN USING THERMAL 
METHOD 

I r i l  l a b i lit y  Thermal Specific 
R o c k  x i t e r i o n  D, 9 r i  l l i n g  Rock  group energy 

B a k a l  1 skoye m i c r o -
q u a r t z i t e  

Pervoural 1 skiy 
q u a r t z i t e  

O r e - f r e e  Olenegorskiy 
q u a r t z i t e  ( 11 s t r a t i f .  ) 

Olenegorskiy pegmat i te  

O r e - f  r e e  01enegorskiy 
quartzite (1s t r a t . )  

Olenegorskiy ferruginous 
q u a r t z i t e  ( 11 s t r a t . )  

Olenegorskiy g n e i s s  
( 1 1  s t r a t i f i c a t i o n )  

S m o  1i nskiy gneissose 
g r a n i t e  

Fine-grained Shartashskiy 
g r a n i t e  

01	enegorskiy ferruginous 
q u a r t z i t e  (L s trat .  ) 

Olenegorskiy gneiss
(.L
s t r a t i f i c a t i o n )  

Fine-grained gran i te  
(Rovnenskoye depos i t )  

Coarse-grained g r a n i t e  
(Rovnenskoye deposit  ) 

Coarse-grained g ran i t e  
(Shartashskoye deposi t )  

Porous ferruginous quart­
z i t e  (Pervoural 1 skoye 
deposit  ) 

Gray g ran i t e  (Rovnenskoye 
deposit ) 

D o l o m i t e  (Bakalfskoye 
deposit ) 

Grano d i  o r ite (S m o l  inskoye 
depos i t )  

cm3/cal :ategory 
cp 

expenditures, 
cal/ cm3 

0.191 20 2.1-2.53 

0.165 17 2.1-2.53 

0.159 16 2.34-2.93 

0.147 15 2.95-3 3 

0.145 1 4  3 -0-3.65 

0.125 13  Sasily 3.24-3.65 
lri11ed 

0.115 12  3.28-4.02 

0.111 11 3.74-4.0 

0.104 10 4.2-4.35 

0.102 10 4.42-4.92 

0.101 4.8-5.05 

0.0985 4.45-5.94 

0.096 5.4-5.96 

0.0945 5.74-6.24 

;atis-
'acto ri1y 

0.094 lri11ed 5.26-6.3 

0.094 5-4-7.25 

0 * 0755 

0.065 5.7 2-8.7 
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TABLE 29 continued 

Rock 
D r i l l a b i l i t y  
c r i t e r i o n  D, 

cm3/ cal 

Gabbro (Zhdanovskoye deposit  1 0.049 

O r e - f  ree p e r i d o t i t e  
(Zhdanovskoye deposit  0.048 

Diabase (Bakalfskoye depos i t )  0.045 

Shale (Bakalfskoye depos i t )  0.043 

Mineralized p e r i d o t i t e  
(Zhdanovskoye depos i t )  0.0435 

Thermal 
d r i l l i n c  
category 
. g - .  

5'7 

Speci f ic  
energy 
expenditures, 

cal/cm3 .-

k i l l e d
5	 > with 

iif f icu l ty  

4 

The surface temperature a t  the  t i m e  of its des t ruc t ion  when x = 0 can be L89 
determined by subs t i t u t ing  Eq. (11.45) i n t o  expression (11.32): 

AT
surf  -- 29.2 B	sep V . (11.48) 

BE 

The parameter D = PE/Bsepcfv is determined by t h e  physical  p roper t ies  of  

t h e  rock and charac te r izes  i t s  thermal d r i l l a b i l i t y ,  t h a t  is, the  capacity f o r  

b r i t t l e  f rac tur ing .  

The ind ices  f o r  t h e  thermal p rope r t i e s  of t h e  rocks are given i n  Appendix 

2. 

The sca l e  f o r  d r i l l a b i l i t y  of  rocks by the  thermal method i s  given i n  

Table 29. The value of  t he  D c r i t e r i o n  was determined taking i n t o  account t h e  

p rope r t i e s  taken with T mean = ATsurr/2. Table 29 a l s o  gives  t h e  spec i f i c  energy 

expenditures obtained i n  experimental d r i l l i n g  of rocks with oxygen and air-fire 

j e t  thermodri l ls .  The r e s u l t s  of experimental d r i l l i n g  of  rocks i n  quar r ies  are 

given i n  Table 30. 
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TABLE 30. INDICES FOR THE EXPERIMENTAL DRILLING OF 
SHOT HOLES 

. . ­
~ ~ ~~ 

Rock 

M i  c roquar tz i te  
(Bakal I skoye deposi t  1, 

cp = 20 

Quar t z i t e  (Pervourall­
skoye depos i t ) ,  'p = 
17 

01	enegorskiy rock 
complex, cp = 10-16 

Ferruginous q u a r t z i t e  
(YUGOK),  'p = 9-10 

Dr i l l i ng  rate, R a t e  of  
m/hour hole  for­

iaxi- aver- mation 
m/hourm u m  age 

- .­

10.5 7 3 ( s ing le  
s t a g e  

excavatior 

9 6.6 3 

6-8 4-9 8 

6 4.6 14  

Thus, a t h e o r e t i c a l l y  sound and experimentally 

Mean 	diameter, Spec i f i c  
mm energy 

)othol e  expendi­

widen- shaft  t u re s ,  

ing cal/cm3 

350 200 1.4 

340 200 1.5 

400 200 4 .3  

480 200 4.7 

confirmed thermal d r i l l -

a b i l i t y  c r i t e r i o n  D can be used a s  a b a s i s  i n  a preliminary evaluat ion o f  t he  

effect  from thermal des t ruc t ion  of  rocks. 

D-e-termAnatj-onp f  Eff ic iency  of  Destruction Process 

Using t h e  thermal d r i l l a b i l i t y  c r i t e r i o n ,  one can examine t h e  problem of  

t h e  thermal e f f i c i ency  of  t he  b r i t t l e  f r ac tu r ing  process i n  t h e  f i r e  d r i l l i n g  

of  rocks. 

Determination of  t h e  e f f ic iency  of  t h e  process of b r i t t l e  f r ac tu r ing  of  a L 9 O  
rock i s  of  i n t e r e s t  f o r  both t h e  theory and p rac t i ce  of  d r i l l i n g  because i n  t h i s  

case it i s  poss ib le  t o  determine t h e  p rope r t i e s  of  s o l i d  bodies which serve t o  

convert thermal i n t o  mechanical energy. 

The thermal e f f i c i ency  of  t h e  process of  b r i t t l e  f r ac tu r ing  can be repre­

sented as t h e  r a t i o  of  t he  energy A expended on t h e  des t ruc t ion  o f  a u n i t  volume 

of rock t o  the  t o t a l  energy Q: 

The quant i ty  of hea t  imparted t o  t h e  rock i s  determined from t h e  expression 



where 

Teff is t h e  e f f ec t ive  e f f i c i e n c y  o f  heat t r a n s f e r  from the  j e t  t o  t h e  

rock; 

Thr is t h e  coe f f i c i en t  of heat  release i n  t h e  combuskion chamber; 

is t h e  quan t i ty  o f  heat spen t  on destroying t h e  volume V 
vo1 of 

a p a r t i c u l a r  rock, kg/m 3 ; 
H is  t h e  heat-generating capacity of t h e  fue l .  

The A values can be determined: 

from t h e  load on t h e  samples and from its deformations, determined 

from t h e  diagram of des t ruc t ion  of a sample o f  a p a r t i c u l a r  rock; 

from t h e  number of "ex fo l i a t ed  pieces" i n  a u n i t  volume, f r o m  t h e i r  

newly formed surface,  and from t h e  c r i t i c a l  deformation; 
-1from t h e  inverse value of t h e  thermal d r i l l a b i l i t y  c r i t e r i o n  D , 

representing t h e  energy required f o r  destroying a u n i t  volume of a p a r t i c u l a r  

rock: 

A = D-1 -
usepcv , cal/cm 3 . 

PE 

Determination of A by t h e  first two methods involves some d i f f i c u l t i e s  due 

t o  the  lack of r e l i a b l e  experimental data. The la t te r  method m a k e s  it possible  

t o  determine the  A parameter from the  r e s u l t s  of s t u d i e s  of t he  physical pro­

p e r t i e s  of rocks with subsequent checking of d r i l l a b i l i t y  data. 

Influence of Thermal E f f e c t s  of Rocks on T&ir  
- .  

Thermal D e s t r u c t i b i l i t y  

The s t a b i l i t y  of t h e  process of b r i t t l e  f r ac tu r ing  of rocks during thermal 

d r i l l i n g ,  as is w e l l  known, is dependent on t h e  constancy of t h e  difference i n  

rock surface temperature a t  t h e  t i m e  of i t s  destruct ion and t h e  i n i t i a l  tempera­

tu re .  This temperature difference i s  a function only o f  t he  physical p rope r t i e s  

of t h e  d r i l l e d  rock: 
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AT = T - T~ e 29.2 -sep- , 
surf PE 

where 

Tsurf is t h e  surface temperature; 

TO is t h e  i n i t i a l  temperature of t h e  rock m a s s  To M 0 - ZOOC). 

The d r i l l i n g  process  w i l l  be extremely unstable  i f  t h e  surface temperature L9l 
of t h e  l aye r  t o  be destroyed exceeds t h e  temperature a t  which there  is a thermal 

e f f e c t  o f  t h e  rock o r  i ts individual  components. Thus, a study of  t h e  physical 

p rope r t i e s  of  t h e  rocks and t h e i r  components is of  grea t  importance i n  formulating 

a thermal d r i l l a b i l i t y  c r i t e r i o n  f o r  pred ic t ing  and expanding the  f i e l d  of 

a p p l i c a b i l i t y  o f  t h e  highly productive method f o r  t h e  f i r e  d r i l l i n g  of  shot 

holes. 

Inves t iga t ions  have revealed t h e  range of rock sur face  temperatures f o r  

t h e i r  b r i t t l e  f r ac tu r ing  on t h e  b a s i s  of a study of  t h e i r  physical  p roper t ies  

and a l so  on t h e  b a s i s  of  t h e  experiment described above (Table 31). The 

c h a r a c t e r i s t i c s  of  des t ruc t ion  o f  these  rocks have been given before ( see  Table 

29) -
TABLE 31. ROCK SURFACE TEMPERATURE DURING THERMAL DRILLING 

I I 

Thermo- Experi- Temperature, 
d r i l l a - Rockb i l i t y  

mental 
sur face  

OC, computed 
using formula 

group tempera- (11.48) 
t u re ,  OC 

1 Quartz,  m i  croquartzite,  ferruginous 
q u a r t z i t e s  UP t o  350 up t o  400 

2 Granite gneisses  400 - 600 

3 Gabbro, diabase, shale ,  pe r ido t i t e s ,
t a l c  - More than 900 

A study of  t h e  melting po in t s  of  rocks and minerals w a s  made using t h e  

method described above. 

The r e s u l t s  o f  these  inves t iga t ions  are given i n  Table 32. There w a s  a 

s a t i s f a c t o r y  agreement between t h e  r e s u l t s  of these  inves t iga t ions  and data  

i n  t h e  l i t e r a t u r e  [35-371 (Appendix 3) .  
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W e  note t h a t  rocks having a low temperature o f  b r i t t l e  f r a c t u r i n g  and a 

r e l a t i v e l y  high thermal effect temperature are most e f f e c t i v e l y  destroyed. Rocks 

of t h e  q u a r t z i t e  class fa l l  i n t o  t h i s  group. 

The destruct ion temperature f o r  rocks i n  t h e  g ran i to id  group is close t o  

t h e  temperature o f  t h e  thermal effects o f  t h e i r  component e lenents .  The effi­

ciency of t he  b r i t t l e  f r ac tu r ing  of rocks o f  t h i s  gxoup is  dependent on the  per­

centage content o f  minerals with a low thermal effect temperature ( f o r  t he  most 

p a r t  of  a dark c o l o r ) .  Accordingly, g ran i to ids  are very s e n s i t i v e  t o  thermal 

energy and t h e  way it is imparted i n  t h e i r  destruct ion.  

In  rocks of t h e  t h i r d  group, t h e  surface temperature is c lose  t o  and some­

t i m e s  exceeds t h e  temperature o f  t h e  thermal effects o f  t he  minerals forming 

these  rocks. Accordingly, one should not expect a s t a b l e  d i r ec t ed  b r i t t l e  

f r ac tu r ing  i n  these rocks. The e f f e c t i v e  destruct ion of rocks i n  t h i s  group 

evident ly  r equ i r e s  an a r t i f i c i a l  change i n  t h e  condi t ions f o r  imparting heat.  

For example, t h e  preliminary cooling of t he  surface l a y e r  of rock (a decrease L92 
i n  T

0
) l eads  t o  an increase i n  i t s  b r i t t l e n e s s  and accordingly lower surface 

temperatures . 
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TABLE 32. DECOMPOSITION TEMPERATUREOF INVESTIGATED 
MINERALS AND RDCKS 

- .  ~- . .  
~~ 

~~ 

Rocks, minerals  

. .  . .  . . .  
~ ~~ 

Garnet 

T a l c  

Py r rho t i t e  

Chlor i te  

Epi dote 

Muscovite 

Clay sha le  

Coal sha le  

Dark-colored skarn components 
( A 1tyn-Topkan ) 

Dark-colored components of  
gray g ran i t e  i n  Rovnenskoye 
deposi t  

Labrador i t ic  porphyri te  

Feldspar 

01i v i n i t i  c ga’bbxo-diabase 

Gabbro of  Zhdanovskoye deposi t  

Orthoclase 

P lag ioc lase  

C a l  c i te  

Galena 

Pegmatite from Olenegorskoye 
deposit 

Syeni te  

Apat i te  (Khibiny) 

Serpentine 

mal 1 skoye diabase 

Temperature, 
OC 

.- . ­

800-850 


800-840 


1000-1100 


850-920 


800-900 


850-950 


900-950 


900-950 


900-950 


700-850 


650-700 


950-1050 


More than 1000 


800-900 


1170 


More than 1100 

950-1050 

1100 


850-900 

850-950 
More than 1100 

More than 800 

More than 1100 
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Chapter I11 

ELECTRIC AND MAGNETIC PROPERTIES O F  ROCKS AS A FUNCTION O F  
TEMPERATURE 

- .  ..1. 	 General Informa-bipn on t h e  Elec t r ic-and Magnetic 
P rope r t i e s  o f  Rocks 

A s  is w e l l  known, minerals c o n s t i t u t e  i o n i c  compounds i n  which t h e  ions  are 

bound f o r  t h e  most p a r t  by t h e  fo rces  of e l e c t r o s t a t i c  a t t r a c t i o n .  The s t r eng th  

of t h e  e l e c t r o s t a t i c  f i e l d  holding ions i n  t h e  c r y s t a l  l a t t i ce  is  influenced 

by an external force.  This causes a change i n  t h e  electric p rope r t i e s  o f  

minerals. Thus, by knowing t h e  change i n  t h e  electric p r o p e r t i e s  o f  minerals 

one can make a q u a n t i t a t i v e  determination of t h e  external  e f f e c t  exer ted upon 

them. Accordingly, t h e  change i n  t h e  electric p rope r t i e s  o f  minerals and rocks 

i n  which p a r t i c u l a r  minerals are found can be used i n  obtaining information on 

t h e  s ta te  of rocks and minerals i n  t h e  rock m a s s .  

With t h e  e l e c t r i c  and magnetic p rope r t i e s  of minerals taken i n t o  account, 

methods are created f o r  ac t ing  upon them. Invest igat ions have shown t h a t  t h e  

electromagnetic effect m a k e s  it possible  t o  r e s t r u c t u r e  minerals and change t h e i r  

physical  p rope r t i e s  i n  t h e  necessary d i r ec t ion ,  as w e l l  as t h e  p rope r t i e s  of t h e  

rocks i n  which these  minerals are incorparated.  

Accordingly, i f  minerals are held i n  t h e  c r y s t a l  l a t t i ce  by e l e c t r i c  forces,  

t h e  p rope r t i e s  of t hese  minerals can be changed by these  s a m e  forces .  The i n t e r ­

ac t ion  of the electromagnetic f i e l d  with matter, e spec ia l ly  with minerals, is 

described by the  Maxwellian equations. When solving problems on t h e  b a s i s  of 

t h e  Maxwellian equations, it is  necessary t o  know t h e  following ind ices  of t h e  

e l e c t r i c  and magnetic p rope r t i e s  of minerals: 

g(ohm.cm)-’ is conductivity [ o r  p(ohm-cm) is r e s i s t i v i t y ,  a parameter t h e  

inverse of g l ;  

� 1  is the  r e l a t i v e  d i e l e c t r i c  constant ( t h e  t r u e  p a r t  o f  t h e  complex di­

e l e c t r i c  constant)  ; 

E t  = E a b J E r e l ’  where Eabs  is t h e  absolute  d i e l e c t r i c  constant, F/m; 

p is r e l a t i v e  magnetic permeabili ty ( t r u e  p a r t ) ,  henry/m. 
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Conductivity g i s  i n  f a c t  t h e  p ropor t iona l i t y  f a c t o r  between t h e  current  I L94 
and voltage U i n  Ohm’s l a w  
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The d i e l e c t r i c  constant is t h e  p ropor t iona l i t y  f a c t o r  between electric- -
displacement D and electric f i e l d  s t r eng th  E: 

- -
D = e ' �  E.

0 

The � 1  parameter is  dimensionless, but t h e  value of t h e  d i e l e c t r i c  constant 

f o r  a vacuum is 

e
0 -

- 8.885*10'12, F/m. 

Magnetic permeabili ty P i s  t h e  p ropor t iona l i t y  f a c t o r  between magnetic- -
induction B and magnetic f i e l d  s t r eng th  H: 

The P parameter i s  dimensionless, but t h e  value of the magnetic constant 

f o r  a vacuum is 

w0 = 12.57 henry/m. 

Minerals are conductors of t he  f i r s t  and second kinds, semiconductors and 

d i e l e c t r i c s .  Conductors of t h e  first kind are e l ec t ron  conductors i n  which t h e  

charge t r a n s f e r  is by e l ec t rons  without a s i g n i f i c a n t  t r a n s f e r  of m a s s .  In  

conductors of t he  second kind t h e  charge t r a n s f e r  i s  pr imari ly  by ions with a 

considerable m a s s  t r a n s f e r .  

Conductors of t he  second kind have a high conductivity only a t  high temp­

eratures ,  whereas a t  low and medium temperatures these are d i e l e c t r i c s  because 

they are characterized by an extremely low conductivity. 

Semiconducting and d i e l e c t r i c  minerals have a mixed ion-electron con­

duc t iv i ty ,  t h a t  is, the  charges i n  them are t r ans fe r r ed  by both ions and 

electrons,  but i n  semiconducting minerals t h e  charges are t r ans fe r r ed  f o r  t he  

most p a r t  by electrons,  even a t  high temperatures. In  order  t o  know whether a 

p a r t i c u l a r  mineral i s  a d i e l e c t r i c  o r  semiconductor, it is  necessary t o  deter­

mine the  type of charge c a r r i e r  ( i ons  o r  e l ec t rons ) ,  t h e i r  mobili ty and t h e  

number i n  a u n i t  volume (dens i ty) ,  as w e l l  as the width of t h e  forbidden band. 
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Rocks consis t ing only of semiconducting minerals are c a l l e d  semiconductors 

and rocks consis t ing only o f  d i e l e c t r i c  minerals are c a l l e d  d i e l e c t r i c s .  The 

e l e c t r i c  p rope r t i e s  of rocks consis t ing of d i e l e c t r i c ,  semiconducting and con­

ducting minerals are inhomogeneous. The la t te r  group o f  rocks is  r e l a t i v e l y  

numerous, but t h e  first is r e l a t i v e l y  rare. The group of d i e l e c t r i c  rocks has  

an extremely broad d i s t r ibu t ion .  

D i e l e c t r i c  minerals and rocks have a r e l a t i v e l y  low r e l a t i v e  d i e l e c t r i c  

constant (5-10) ; semiconducting minerals and rocks have a high r e l a t i v e  di­

e l e c t r i c  constant (more than 10). Inhomogeneous rocks have a higher d i e l e c t r i c  

constant and i ts  value is dependent on the  rock content of conducting and s e m i ­

conducting minerals. 

Depending on t h e i r  magnetic propert ies ,  minerals are diamagnetic (p < 1) 

and paramagnetic (p > 1). The magnetic permeabili ty of paramagnetic minerals 

is approximately equal t o  uni ty .  These minerals, as  w e l l  as the  rocks con­

s i s t i n g  of them, almost do not d i f f e r  i n  t h e i r  magnetic p rope r t i e s  from a vacuum. 

The magnetic permeabili ty of ferromagnetic minerals p >  1 (up t o  2 ) ,  but t h e i r  

number is small. The bes t  known are magnetite, t i tanomagnetite and py r rho t i t e ,  

Rocks which contain ferromagnetic minerals i n  adequate quan t i ty  have a magnetic 

permeabili ty p > 1; the p value is dependent on t h e  content o f  ferromagnetic 

material  i n  t h e  rock. 

In order t o  obtain information on t h e  s ta te  of t he  rock with respect t o  

t h e  change i n  any physical property, the first p r e r e q u i s i t e  is a study of t h e  

nature  of the influence o f  t h i s  external  e f f e c t  on t h e  change i n  t h i s  property. 

In determining t h e  electromagnetic e f f e c t  on a rock it is necessary t o  k n o w  

how and t o  what degree any e l e c t r i c  or magnetic property may change under the  

influence of any p a r t i c u l a r  external  e f f e c t .  

Temperature e x e r t s  t h e  s t rongest  e f f e c t  on t h e  e l e c t r i c  and magnetic pro­

p e r t i e s  of minerals and rocks. By changing t h e  temperature of a rock it i s  

possible  t o  change i ts  e l e c t r i c  and magnetic p rope r t i e s  t o  a d e f i n i t e  value. 

E l e c t r i c  and magnetic p rope r t i e s  are used i n  monitoring t h e  condition of 

a rock mass, determining t h e  content of a useful  component i n  rock, dividing a 

rock i n t o  components, f o r  imparting electromagnetic energy t o  a rock, e tc .  Since 
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electromagnetic energy is r e l a t i v e l y  cheap and extremely convenient f o r  p r a c t i c a l  

use, it is obvious t h a t  e lectr ic  methods f o r  studying and inf luencing rocks w i l l  

be extensively used and in tens ive ly  developed. The sec t ions  which follow de­

sc r ibe  t h e  methods used and t h e  r e s u l t s  of inves t iga t ing  t h e  electric and 

magnetic p rope r t i e s  of rocks and a l s o  give examples of  t he  use of  these  proper t ies  

i n  t h e  engineering methods f o r  mineral ex t rac t ion .  

2. 	 Methods f o r  Inves t iga t ing  t h e  Electric and Magnetic 
P rope r t i e s  o f  Minerals and- Rocks_ _  

The e lec t r ic  and magnetic p rope r t i e s  of rocks a s  a funct ion of temperature 

are inves t iga ted  f o r  t h e  most pa r t  by using well-known methods with some 

modifications which take i n t o  account t h e  s t ruc tu re  and t e x t u r e  of t h e  rock, 

and standard instruments with spec ia l ly  devised adaptat ions f o r  t h e  in se r t ion  

of  samples. Now w e  w i l l  examine methods f o r  inves t iga t ing  t h e  e lec t r ic  and 

magnetic p rope r t i e s  o f  rocks i n  temperature and force  f i e l d s .  

L96 

Inves t iga t ion  of  t h e  conductivity-of minerals and rocks 
-. ­- ~ 

The conductivity ( o r  r e s i s t ance )  of  minerals and rocks a t  low electromagnetic 

f i e l d  f requencies  is measured f o r  t h e  most p a r t  by the  two- and four-electrode 

methods. 

In the  four-electrode method the  sample i s  connected t o  the  power supply 

(Figure 4 3 )  by means o f  current  e lectrodes and the  voltage across  some p a r t  

of  t h e  sample is  measured with probe-type electrodes.  In  t h i s  method t h e  current  

i s  measured i n  t h e  c i r c u i t  of  t h e  current  e lec t rodes  and the vol tage is measured 

i n  t h e  c i r c u i t  of  the  probe-type e lec t rodes ;  t h i s  precludes any e f f e c t  from the  

intermediate r e s i s t ance  o f  t h e  contacts  on t h e  accuracy i n  measuring sample 

res i s tance .  The vol tage across  the  probe-type e lec t rodes  i s  measured with a 

high-resistance voltmeter.  The voltmeter input r e s i s t ance  must be two orders  of 

magnitude greater  than the  r e s i s t ance  of  t he  sample be.tween t h e  probes i n  order  

t o  preclude current  leakage through t h e  instrument. When t h i s  condition i s  

s a t i s f i e d  t h e  e r r o r  i n  measuring r e s i s t ance  can be reduced t o  1%. Sample re­

s i s t i v i t y  i s  computed using t h e  formula 

p = U / I  * S / l  , (111.1) 

where 

U is t h e  vol tage across  t h e  probe-type electrodes,  V; 



T is t h e  current  flowing through t h e  sample, A; 
2

I is t h e  sample cross  sect ion,  cm ; 

S i s  t h e  dis tance between t h e  probe-type electrodes,  cm.  

4 

I 
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Figure 43.  	 D i a g r a m  showing measure­
ment of conductivity by 
t h e  four-electrode method: 
1- probe-type electrodes;  
2- high-resistance volt­
meter; 3- sample; 
4- current  e lectrodes;  
5- ammeter. 

Thus, sample r e s i s t a n c e  can be 

measured t o  lo5 - 106 ohms. The samples 

are not homogeneous, t h e  nature  o f  t h e  

e l e c t r i c  f i e l d  d i s t r i b u t i o n  i n  them i s  

extremely complex and t h e  measurement 

r e s u l t  i s  dependent on t h e  placement o f  

t h e  probe-type e l ec t rodes  on t h e  sample. 

It is d i f f i c u l t  t o  measure resis­

tance by t h i s  method; t h e  probe-type 

e l ec t rodes  must be f ab r i ca t ed  from non­

oxidizing conductors whose material w i l l  

not e n t e r  i n t o  r eac t ion  with t h e  material 

of t h e  samples; during measurements t h e  

contacts  with t h e  samples must be s t ab le .  

In t h e  two-electrode method f o r  L97 

measuring conductivity,  t h e  sample is con­

nected t o  the  power supply by means of current  e lectrodes and voltage is d i r e c t l y  

measured i n  t h e  sample c i r c u i t  (Figure 44) .  The voltmeter input r e s i s t ance  pust  

be two orders  of magnitude greater than t h e  sample r e s i s t ance .  A grounded 

shielding electrode (guard r i n g )  is superposed on t h e  sample i n  o rde r  t o  preclude 

surface conductivity. The e l ec t rodes  are ground down onto t h e  sample o r  a r e  

applied by vacuum spraying. The e l ec t rodes  must be f ab r i ca t ed  from a non­

oxidizable material. If t h e  temperature range is low, s i l v e r ,  gold, platinum 

or copper e l ec t rodes  are used. S i l v e r  cannot be employed when inves t iga t ing  

s u l f i d e  minerals because it reacts with t h e  sample a t  high temperatures. 

The two-electrode method i s  simpler but less p rec i se  than t h e  four-electrode 

method. The e r r o r s  caused by t h e  intermediate and space charge r e s i s t a n c e s  i n  

t h e  sample can a t t a i n  50% or more. During high-temperature measurements they 

are reduced and both methods give v i r t u a l l y  i d e n t i c a l  r e s u l t s .  When measuring 
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res i s tance  by t h e  two-electrode method s u i t a b l e  ohmmeters can be employed. 

Res i s t iv i ty  is computed using t h e  formula 

P = = / t ,  (111.2) 

where 

R is sample res i s tance ,  ohms; 

t is sample length,  cm. 

I ?
\ 

-

Figure 44. 	 D i a g r a m  of  measurement of Figure 45. D i a g r a m  of  measurement of  
conductivity by t h e  two- sample r e s i s t ance  without 
e lec t rode  method: 1- sample; special  i n su la to r s :  1 and 
2- curren t  e lec t rodes; 2- I f insulat ing 1' samples; 
3- guard r ing.  3- sample t o  be measured; 

4- electrodes.  

In both cases  t h e  sample is held between insu la to r s  by a spec ia l  clamp. 

A t  any temperature t h e  in su la to r  res i s tance  must be two orders  of magnitude 

grea te r  than t h e  sample res i s tance  because t h i s  e l iminates  current  leakage 

through the  in su la to r .  Mica (muscovite) can be used as an in su la to r .  I f  no 

s u i t a b l e  in su la to r  e x i s t s  f o r  a p a r t i c u l a r  sample, t h e  m a t e r i a l  of  t h e  sample 

i tself  can be used as an in su la to r .  In  t h i s  case t h e  res i s tance  is measured 

using t h e  system i l l u s t r a t e d  i n  Figure 45. If the  res i s tance  of  t he  in su la t ing  L98 
p l a t e s  is two or t h ree  orders  of magnitude greater than t h e  sample resistance, 

i n  such a case t h e  sample r e s i s t ance  is measured. If these r e s i s t ances  are 

commensurable, sample res i s tance  i s  computed using t h e  formula 
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where 

R
1' 

R
2 

are t h e  r e s i s t ances  o f  t h e  in su la t ing  p l a t e s ;  

R i s  c i r c u i t  res i s tance .c ir 

In  order  t o  determine t h e  dependence o f  temperature on r e s i s t a n c e  t h e  sample i s  

placed i n  a thermostat  from which l eads  extend f o r  t ransmi t t ing  t h e  voltage t o  

t h e  sample; t he  l eads  must be ca re fu l ly  insu la ted  from t h e  body o f  t h e  thermo­

s ta t .  Temperature i n  t h e  thermostat  is measured with thermometers o r  thermo­

couples (Figure 4 6 ) .  Thermostat temperature i s  changed by changing voltage 

across  the  heater .  The rate of  temperature change must be  such t h a t  t h e  sample 

w i l l  be heated t o  t h e  same temperature. When these condi t ions are m e t  t h e  

measurement accuracy can be equal t o  t h e  accuracy o f  t h e  instruments  employed. 

7-1 ,I 

r 

Figure 46. 	 D i a g r a m  o f  apparatus  f o r  
inves t iga t ing  t h e  depen­
dence of  t he  r e s i s t ance  
o f  minerals and rocks on 
temperature (two-electrode 
method): I- sample; 2­
thermocoup1e ; 3- e lec tr o  de ; 
4- i n su la to r ;  5- clamp; 
6- thermostat;  7- ohmmeter; 
8- pyrometer. 

In t h e  case o f  samples with a 

monocrystall ine s t r u c t u r e  t h e  symmetry 

a x i s  must be taken i n t o  account. When 

preparing rock samples t h e i r  t ex tu re  

and s t r u c t u r e  must be taken i n t o  

account : t h e  sample must contain not  

less than one s t r u c t u r a l  u n i t ;  f o r  

example, polymineral samples must in­

clude gra ins  o f  a l l  t h e  minerals making 

up t h e  rock. The number of  grains  

i n  a l l  d i r ec t ions  must be ident ica l .  

The dependence o f  t he  conductivity 

of minerals and rocks on electro­

magnetic f i e l d  s t r eng th  i s  inves t iga ted  

using t h e  s a m e  apparatus  and the  s a m e  

measurement methods as when measuring 

t h e  dependence on temperature. In  t h i s  case t h e  vol tage source must ensure a 

smoothly changing vol tage;  t h i s  m a k e s  it poss ib le  t o  change t h e  f i e l d  s t rength  

i n  t h e  sample i n  a broad range. 

The two-electrode method is employed i h  studying t h e  dependence of  t he  
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conductivity of samples on t h e i r  deformation. 

The dependence o f  t h e  conduct ivi ty  of  minerals and rocks on electromagnetic 

f i e l d  frequency is inves t iga ted  j o i n t l y  with a study o f  t h e  dependence of  t h e  

d i e l e c t r i c  constant  on frequency. 

__Determination of  Type of  Current Carriers L99 

The cur ren t  carriers i n  minerals and rocks can be  ions  and e l ec t rons  because 

minerals f o r  t h e  most p a r t  are i o n i c  compounds. The current  flowing through a 

mineral is  expressed by t h e  formula 

I = nqv, (111.4) 

where 

n i s  t h e  number of  charges i n  a u n i t  volume of t h e  mineral (charge dens i ty) ,  

1/ cm3 ; 

q is t h e  charge s t rength ,  coulombs; 

v is charge veloci ty ,  cm/sec; 

E i s  electromagnetic f i e l d  s t rength,  V/cm. 

The current  flowing through t h e  rock i s  determined using t h e  formula 

I = nqxE, (111.5) 

where 
2 
x i s  charge mobili ty,  c m  / V - s e c .  

I t  can be seen from formula (111.4) t h a t  t h e  conduct ivi ty  o f  a mineral i s  

dependent on t h e  number of charges, density,  charge s t rength  and i t s  mobili ty:  

g = nqx (111.6) 

Due t o  t h e  s m a l l  m a s s  of an electron,  e lec t ron  conduction i s  not accompanied 

by any s ign i f i can t  m a s s  t r a n s f e r .  Ion conduction, on t h e  o the r  hand, i s  accom­

panied by m a s s  t r a n s f e r  i n  accordance with t h e  Faraday e l e c t r o l y s i s  l a w :  

M = AIt/Fz, 

where 

F i s  t h e  Faraday number (F  = 96,496 coulomb); 

A i s  atomic weight o f  an ion, g;  

z is ion valency. 



The current  carriers i n  minerals can be ions o f  d i f f e r e n t  elements ( ions  

of t h e  s a m e  of opposite s igns ) .  I n  most cases minerals are complex compounds 

and therefore  e l ec t rons  a l s o  p a r t i c i p a t e  i n  charge t r a n s f e r .  Thus, conductivity 

i n  rocks and minerals f o r  t h e  most p a r t  i s  by ions  and electrons.  The Faraday 

l a w  is used i n  determining t h e  type of current c a r r i e r .  If a mineral is a simple 

compound consis t ing of two elements, under t h e  influence o f  t he  e l e c t r i c  f i e l d  

one of t h e  ions,  having t h e  lesser i o n i c  radius,  usual ly  moves. In  t h i s  case 

t h e  nature  of t he  conductivity is determined i n  t h e  following way: t h e  miceral 

is  divided i n t o  th ree  samples, from which a c i r c u i t  is formed. P r i o r  t o  t h e  

experiment t h e  two outermost samples are weighed together  with t h e  electrodes.  

Then a dc current  is passed through t h i s  c i r c u i t  and it is determined what quan t i ty  

of e l e c t r i c i t y  ( i n  coulombs) has passed through t h e  c i r c u i t .  Then t h e  samples 

are weighed together  with t h e  electrodes.  If t h e  weight of t h e  sample adjacent 

t o  t h e  anode has increased, t h e  cargo t r a n s f e r  i n  the  mineral has  accordingly L1oo 
been t h e  r e s u l t  of negative ions.  In t h i s  case t h e  weight of t h e  sample adjacent 

t o  the  cathode w i l l  have decreased by t h e  s a m e  amount as t h e  increase f o r  t he  

sample adjacent t o  t h e  anode. The change i n  weight i n d i c a t e s  what ion has 

ca r r i ed  the  charge and t h e  Faraday l a w  is used i n  determining the  r o l e  o f  t h e  

i o n i c  current ,  t h a t  is, t h e  r a t i o  of ion and e l ec t ron  conduction. 

If ions of both s igns  move, t h i n  p l a t e s  are i n s e r t e d  between t h e  second and 

t h i r d  samples and w i l l  block movement of a p a r t i c u l a r  ion. In  o t h e r  respects,  

t h e  method f o r  determining t h e  r o l e  of t he  i o n i c  current  i s  the  s a m e ,  With a 

khange i n  temperature t h e  nature  of t h e  conductivity changes sharply: when t h e  

temperature inc reases  both ions begin t o  move; t he  q u a n t i t a t i v e  r o l e  of t h e  

current  ca r r i ed  by ions a l s o  changes with a temperature change. This means t h a t  

these measurements must be made with t h e  sample temperature held constant. 

Determining Density and Mobility o f  Cur-rent C a r r i e r s  

The H a l l  e f f e c t  i s  used i n  determining the  densi ty  and mobili ty of current 

c a r r i e r s  (Figure 4 7 ) .  

A s  is  w e l l  known, H a l l  e m f  is determined using the  expression 

(111.8) 

where 

l/qn = R, is  the  H a l l  constant.  

120 




In  s c a l a r  form the  H a l l  effect is expressed by t h e  formula 

ex = d/qn B I ,  

where 

d is t h e  p l a t e  thickness  of t h e  invest igated mineral. 

n 

Figure 47. 	 D i a g r a m  of measurement of 
H a l l  emf: e__  is H a l l  e m f ;

Xd i s  sample thickness;-
B is t h e  magnetic induction 
vector. 

x = g R .
X 

The s ign o f  t he  H a l l  constant deter­

mines the  nature  of t h e  conductivity:  

when R > 0, p-type conductivity (by
X 

pos i t i ve  ions)  is observed; when 


R
X 

< O 9  conductivity by e l ec t rons  (n-type 


conductivity, o r  conductivity by negative 


i ons )  is observed. If conductivity is  


mixed, t h e  s ign of t h e  H a l l  constant 


determines the  s ign of t h e  predominant 


conductivity. The R value makes i t  

X 

possible  t o  determine t h e  densi ty  n of 

t h e  current c a r r i e r s  and then t h e  con­

duc t iv i ty  can be used i n  determining 

t h e  mobili ty of t h e  current  carriers 

( 111.10 

The measurements are made i n  t h e  following way: the current  e l ec t rodes  are 

arranged over t h e  e n t i r e  width of t h e  mineral p l a t e  and a dc voltage i s  fed. LlOl 

One H a l l  e lectrode i s  mounted securely t o  t h e  p l a t e  whereas the  second moves i n  

such a way t h a t  i n  the  absence of a magnetic f i e l d  the re  w i l l  be no current i n  

t h e  Hall c i r c u i t .  An electromagnet then is energized and the Hall emf determined. 

If current  leakage i n  the power n e t  cannot be prevented by t h i s  method, t h e  

change i n  H a l l  emf is determined from the  change i n  magnetic f i e l d  s t rength:  

A E ~  I R,d (I3,- - 111)=: E=, -gz, . (111.11) 

Then t h e  H a l l  constant is computed 

L'pzR, = 
I (132 -111) d * 

(111.12) 

In most cases t h e  H a l l  e m f  is s m a l l  and therefore  t h e  two cu r ren t s  wethod 
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can be used (Figure 48) 1441. The 

va r i ab le  r e s i s t a n c e  p is connected 

i n  series with t h e  measuring instru­

ment i n  t h e  H a l l  c i r cu i t .  The H a l l  

e m f  is measured after measuring the  

cu r ren t s  I1 and I2 with t h e  var iable  

r e s i s t ances  p
1 

and p2 respect ively i n  

t h e  H a l l  c i r c u i t .  The H a l l  e m f  is
Figure 48. Diagram of measurement of 

H a l l  e m f  by t h e  two cu r ren t s  computed using t h e  formula 
method: p = var i ab le  re­
s i s t ance ;  G = galvanometer. E ~ I l l 2  (P1-PPz) (111.13) 

2 i1-12 ' 

The measurements are made with two p o l a r i t i e s  with a constant voltage i n  t h e  

power c i r c u i t .  Then the  mean H a l l  e m f  is computed. 

Study o f  t h e  Diglectri-c_-Constant-ofMinerals and R0ck.s- - .  

The methods f o r  measuring t h e  d i e l e c t r i c  constant are dependent on t h e  range 

of electromagnetic f i e l d  frequencies. The use of not  less than f i v e  o r  s i x  

instruments is required f o r  covering a considerable frequency range, such as from 

0 t o  lo9 Hz.  The measurements are made by t h r e e  o r  four  methods. Since each 

method gives d i f f e ren t  e r ro r s ,  i n  t h e  case of a great  frequency range it w i l l  be 

d i f f i c u l t  t o  c o r r e l a t e  t he  r e s u l t s .  Now w e  w i l l  examine t h e  most used methods 

f o r  measuring t h e  d i e l e c t r i c  constant i n  d i f f e r e n t  frequency ranges. 

Low frequencies. Bridges of d i f f e r e n t  types,  such as t h e  S o t t i  Bridge 

(Figure 491, are used f o r  low frequencies (from 0 t o  lo3 H Z ) .  The measuring 

capacitor,  i n  which t h e  mineral o r  rock t o  be inves t iga t ed  serves  as the  di- p o 2  

e l e c t r i c ,  is connected i n  one of the bridge a r m s ;  t he  bridge is balanced by the R1 
and R2 r e s i s f o r s .  When i n  a balanced state t h e  ind ica to r  shows t h a t  no current 

is present i n  the c i r c u i t .  The capacitance of t h e  measuring capaci tor  is computed 

using the  formula 

c, = c ( R ~ / R ~  (111.14)1, 

where 

R1 and R2 are var iable  balancing r e s i s t o r s ;  

C is a standard capacitor.  
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A 
The bridge m a k e s  it possible  t o  

& 
measure capacitances greater than 20 ppF; 

with an increase i n  capacitance the  

measurement accuracy increases.  The 

measurement e r r o r  when using a bridge 

a t t a i n s  10-15%. In order  t o  achieve a 

high measurement accuracy t h e  capacitance 

Figure 49. D i a g r a m  of bridge f o r  must have a range of about lo3 ppF. There 

measuring capacitance: are p r a c t i c a l  d i f f i c u l t i e s  i n  preparing 
C is t h e  measured 

Xcapacitance; R1 and R2 rock samples f o r  a capaci tor  with such 

are t h e  bridge arm re- a capacitance when the  rock sample must 

s i s t o r s ;  G is t h e  indi- be homogeneous. If an osci l lograph i s  
ca to r  (galvanometer). used as the indicator ,  t h e  measurement 

e r r o r ,  even i n  t h e  case o f  a s m a l l  capacitance, can be reduced t o  5%. 

The d i e l e c t r i c  constant f o r  a rock sample is computed using the  formula f o r  

a plane-parallel  capaci tor  

( 111.15) 

where 

� 1  is t h e  r e l a t i v e  d i e l e c t r i c  constant of t he  invest igated sample; 

C i s  t h e  capacitance of t h e  measuring capaci tor  with t h e  sample, F;
X 

d is sample thickness,  m; 
2

S is t h e  sample surface,  m ; 

8
0 

is the  d i e l e c t r i c  constant of a vacuum ( e
0 -

- 8.885.10-12 F/m). 

When inves t iga t ing  t h e  dependence of t h e  d i e l e c t r i c  constant of rocks on 

temperature t h e  measuring capaci tor  is placed i n  a thermostat. The thermostat 

temperature is var ied a t  such a rate t h a t  t h e  sample is uniformly heated. The 

diagram f o r  t h i s  experiment i s  s i m i l a r  t o  t he  diagram shown i n  Figure 47, where 

t h e  ohmmeter i s  replaced by an instrument for measuring capacitance. 

Int_e_rrme$iate-and high frequencies. Resonance methods f o r  measuring t h e  

d i e l e c t r i c  constant are used a t  intermediate and high frequencies (from lo3 to 
810 H z  ). 

The resonance method f o r  measuring capacitance involves t h e  following 

(Figure 50). 



An o s c i l l a t o r  c i r c u i t  is  tuned t o  resonance with the  o s c i l l a t o r  o s c i l l a ­

t i o n s  by a var iable  capacitor.  Voltage resonance appears i n  the  c i r c u i t  and 

is recorded by the  reading of a voltmeter connected across the  cir­

c u i t :  t he  instrument hand is deflected by the  maximum value a t  t h e  t i m e  of 

resonance. The capacitance o f  t h e  va r i ab le  capaci tor  C1 and t h e  instrument 

readings Q, are r eg i s t e red  during resonance. Then t h e  capac i to r  with t h e  invest i ­-
gated sample, which is  used here as a d i e l e c t r i c ,  is connected t o  t h e  Q - m e t e r  

c i r c u i t  i n  p a r a l l e l  with t h e  va r i ab le  capacitor.  Then t h e  c i r c u i t  Ifgoes out  of 

resonance.fl In order  t o  tune t h e  c i r c u i t  i n  resonance it is necessary t o  reduce 

t h e  capacitance of the va r i ab le  capaci tor  by t h e  capacitance o f  t he  measuring 

capacitor.  The capacitance of  t h e  capaci tor  C2 and t h e  instrument readings Q2 
are r eg i s t e red  when obtaining resonance. I t  is obvious t h a t  t h e  capacitance of 

t h e  invest igated capaci tor  is 

cx = c1 - c2. (111.16 

The readings o f  the instrument,  Q ,  in resonance depend on capaci tor  

r e s i s t ance :  t h e  greater t h e  r e s i s t ance  of the capac i to r ,  the g r e a t e r  the Q,  and the 

longer it w i l l  hold a charge. Accordingly, t he  Q value i s  c a l l e d  the  capaci tor  

q u a l i t y  ( t o  be more precise ,  t he  q u a l i t y  of t h e  d i e l e c t r i c  f i l l i n g  the  capaci tor) .  

The magnitude t an  6 = l/Qdetermines the  loss  of electromagnetic energy i n  the di-

L 

Figure 50. 	 Resonance system f o r
measuring capacitance: 

L is t h e  changeable 
inductance; C is t h e  

X 

measured capacitance. 

t he  Q - m e t e r  one must take i n t o  account 

of t h e  measuring capacitor.  
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e l e c t r i c ,  t h a t  is, t a n  6 is t h e  r a t i o  of 

quant i ty  of energy absorhed by t h e  di­

e l e c t r i c  t o  t h e  quan t i ty  of energy passing 

through t h e  d i e l e c t r i c .  

The t a n  6 value is determined using 

t h e  formula 

t a n g =  Q1-02.-% (111.17)
QlQx c1-Cc-r' 

The Q - m e t e r  voltmeter i s  graduated i n  

q u a l i t y  un i t s .  In making measurements with 

possible  e r ro r s .  Figure 51 is a diagram 



In order  t o  reduce the  edge capacitance of t h e  capaci tor  one must maintain 

t h e  following r e l a t i o n :  10dZ < S. In  addition, t he  thickness  of t he  capaci tor  

p l a t e  must be much less than t h e  thickness  of t h e  invest igated sample. A guard 

r ing can be used t o  eliminate edge capacitance. 

The gap capacitance between t h e  invest igated sample and the  C2 p l a t e  i s  

eliminated by t i g h t  f i t t i n g  of t he  p l a t e  or by vacuum spraying o f  a m e t a l  l aye r  

on t h e  sample. I n  t h i s  case C2 = 0. The ohmic r e s i s t ance  o f  t he  sample is taken 

i n t o  account when determining t a n  6. 

The e r r o r s  associated with the  use of connecting l eads  are computed and taken Ll04 

i n t o  account i n  t h e  measurements. If t h e  l eads  are short  t hese  e r r o r s  can be 

neglected. Figure 52 i s  a diagram o f  t h e  voltage d i s t r i b u t i o n  i n  t h e  capaci tor  

[&I.  With such a voltage d i s t r i b u t i o n  t h e  radius  of t h e  capaci tor  p l a t e  must 

not exceed 

-2 x r < 3.8 10 - , (111.18)
VE 

where 

?iis the  wavelength, cm; 


8 is the  d i e l e c t r i c  constant of the material  investigated.  


Usually the  accuracy i n  measuring capacitance with a Q - m e t e r  i s  5%; the 

accuracy i n  measuring t a n  6 is 10%. 

Superhigh frequencies. Cavity resonators of t h e  open type ( i n  t h e  form of a 

two-wire l i n e )  are used i n  inves t iga t ing  the  d i e l e c t r i c  constant a t  high and super-

high frequencies (above 200MHz/sec). The samples a r e  0.1-0.3 mm t h i ck  ( t h e  thinner  

t h e  sample, t he  more p rec i se  i s  the  measurement). The sample is prepared i n  t h e  

form of a disk 9 mm i n  diameter with two s l o t s  along the diameter f o r  admitting 

t h e  l i n e  leads.  The d i e l e c t r i c  constant i s  measured by the  I. A. E l f t s i n  method 

C461. The inves t iga t ions  revealed t h a t  t h i s  method involves considerable e r r o r s  

(up t o  20%) i n  determining the  d i e l e c t r i c  constant;  these cannot be eliminated. 

The method f o r  measuring t h e  d i e l e c t r i c  constant with a coaxial  l i n e  [47] i s  more 

precise .  LI-3 and LI-4 measuring l i n e s  can be used f o r  measuring e and tan 6. 

The LI-3 l i n e  m a k e s  it possible  t o  measure a d i e l e c t r i c  constant up t o  700MHz/sec. 

The sample i s  placed a t  t h e  antinode of an electromagnetic standing wave 

f o r  determining t h e  d i e l e c t r i c  constant. The l i n e  is shor t c i r cu i t ed  
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Fi  gure 51. Equivalent c i r c u i t  of  mea- Figure 52. D i a g r a m  of  voltage d i s t r i ­
sur ing capaci tor :  Co-capacitance bution i n  capaci tor .  
of inves t iga ted  capaci tor ;  c1 -
capac i tor  edge capacitance; 
L- inductance of  connecting leads.  

by use of a check tube and a moving shor t -c i rcu i t ing  plunger which cons t i t u t e s  

p a r t  of t h e  l i n e  o u t f i t .  Samples, i n  t h e  form of  d i sks  up t o  5 mm thick,  are 

in se r t ed  i n t o  the  coaxial  l i n e  plug, t o  which t h e  check tube is then connected. 

The first node of t h e  standing wave is i n  t h e  measuring l i n e ;  measurements are 

made by t h e  usual method. The measurement accuracy is dependent on wavelength, Ll0.5 

t h a t  is, on t h e  wavelength i n  the  l i n e .  A t  frequencies up t o  600MHz/aec, t h e  

measurement e r r o r s  do not  exceed 10%. 

... . . . .  .-

Figure 53. 	 General appearance of apparatus f o r  measuring 
B and t a n  8 a t  high and superhigh frequencies:  
1- superhigh-frequency generator ~2000-3000MHz/sec); 
2- high-frequency generator ( ~ O O O - ~ O O O M H Z / S ~ C ) ;  
3- LI-3 l i n e ;  i nd ica to r  head; 5- coaxial  l i n e  
with sample; 6- s c r e w  f o r  moving shor t -c i rcu i t ing  
plunger; 7- microammeter. 
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A spec ia l  measuring coaxial  l i n e  with a groove along t h e  genera t r ix  f o r  a 

probe had t o  be fabr ica ted  f o r  measuring the  d i e l e c t r i c  constant f o r  t h e  LI-4 

l i n e  (Figure 53). This  coaxial  l i n e  is connected toanLI-3  l i n e ,  from which 

only t h e  measuring head is used. The l i n e  i tself  i s  a guide f o r  t h e  measuring 

head. The LI-4 l i n e  m a k e s  it poss ib le  t o  measure the  d i e l e c t r i c  constant a t  
4

frequencies  up t o  10 MHz/secwith measurement e r r o r s  up t o  10%. The measurement 

method and t h e  samples are t h e  s a m e  as when making measurements withanLI-3 l i ne .  

The sample d i e l e c t r i c  constant is determined using t h e  formula 

� = 1 + Ax/d, (111.19) 
where 

Ax is t h e  displacement of t h e  first node i n  a l i n e  with and without a sample,cm; 

d is sample thickness ,  c m .  

Sample thickness  must s a t i s f y  t h e  condition l /d  > 30, where 1 is  wavelength, 

c m  . 
Studv of  Maanetic Permeabili tv o f  Minerals and Rocks Lio6 

Relat ive magnetic permeabi l i ty  i s  measured r e l a t i v e  t o  t h e  a i r  because t h e  

magnetic permeabili ty o f  a i r  with a high accuracy i s  equal t o  t h e  magnetic 

permeabili ty of  a vacuum. Solenoid inductance is 

If 2 
- - ,4np -1- s . 10-9, henry (111.20) 

where 

p i s  t h e  magnetic permeabi l i ty  o f  t h e  medium, henry/m; 

n is the number o f  solenoid turns ,  l / m ;  

1 is solenoid length,  m ;  
2

S is the  winding area,  m . 
The number of solenoid windings f o r  a p a r t i c u l a r  instrument is se lec ted  

i n  such a way a s  t o  ensure t h e  maximum instrument response. The length o f  t h e  

solenoid is se lec ted  taking i n t o  account t h a t  t h e  sample i s  i n  a uniform f i e l d .  

With constant solenoid parameters i ts  inductance i s  changed i f  a sample 

whose magnetic permeabili ty d i f f e r s  from t h e  magnetic permeabi l i ty  o f  a i r  i s  

placed i n  t h e  solenoid. Magnetic permeabili ty can be computed from the expression 

1 0 9 ~t 
2 .  (111.21)

'samp - 41~nS 
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For t h e  p a r t i c u l a r  solenoid t h e  

relative magnetic permeabili ty i s  

Lprel = 'samp = samp , (111.22) 

'air Lair  

where 

Figure 54. 	 M a x w e l l  bridge f o r  measuring 
inductance: G- galvanometer; 
R1 and R2- va r i ab le  r e s i s t o r s ;  

L and R- known (s tandard)  
inductance and i ts  re s i s t ance ;  
L and R - measured inductance
X X 


and its resis tance.  

is sample magnetic per­'samp 
meabili ty;  

'air is t h e  magnetic permeability 

of a i r ;  

L i s  inductance with a
SmP 

sample ; 

is  inductance without aLair  
sample (with a i r ) .  

Solenoid inductance is  measured using a Maxwell bridge (Figure 54) by means 

of comparing the  known inductance L with the measured inductance L
X
. The current  

can be excluded from the galvanometer c i r c u i t  by changing t h e  inductance L and 

t h e  r e s i s t ances  R1 and R2. Inductance is computed using t h e  formula 

( 11I. 23) 

where 

w i s  t h e  frequency of t h e  voltage f ed  t o  the  bridge. 

Instruments of the Ye12-1 type, making it possible  t o  measure inductance L l O 7  
with an accuracy t o  5-lO%, operate on the p r inc ip l e  of addi t ion of t h e  frequencies 

of a standard o s c i l l a t o r  and t h e  frequency of an o s c i l l a t o r  i n  whose c i r c u i t  t h e  

invest igated inductance i s  incorporated. 

Magnetic permeability is measured a t  d i f f e r e n t  temperatures by the  following 

m e  tho ds : 

a )  t h e  invest igated inductance with a sample i s  placed i n  a thermostat SO 

t h a t  the sample w i l l  be uniformly heated and t h e  inductance o f  t he  solenoid with 

t h e  sample is measured a t  a s t i p u l a t e d  temperature; then t h e  magnetic permeability 

of the sample is computed a t  a s t i p u l a t e d  temperature. The solenoid wire must be 
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such t h a t  with a temperature change t h e  solenoid inductance changes in s ign i f i ­

cantly. These changes are then taken i n t o  account when determining t h e  

dependence of t h e  magnetic permeability o f  t h e  sample on temperature; 

b) t h e  sample is heated i n  a thermostat and i s  placed i n  a measuring sole­

noid. The magnetic permeability measurements are encumbered by e r r o r s  caused 

by a change i n  sample temperature during measurements. This method can be used 

with sample temperatures which are low i n  comparison with t h e  ambient temperature; 

c )  t h e  heating winding of t h e  thermostat is used as the  primary winding 

f o r  t h e  transformer, whose secondary winding is  the  measuring inductance and 

whose core is t h e  invest igated sample. The secondary winding is  placed on top  

of t h e  l a y e r  of thermal i n s t a l l a t i o n  and i s  the re fo re  not heated. The magnetic 

f l u x  of t h e  primary winding causes t h e  appearance of an induced e m f  i n  the 

secondary winding; t h i s  is determined using the  formula 

(111.24) 


The s t rength of the magnetic f lux  is dependent ( a l l  o ther  parameters being 

constant)  on the magnetic permeability of t h e  sample, computed from the expres­

sion 

where 

n i s  the number of t u r n s  i n  the primary winding, 

1 is solenoid length,  m ;  

I is the  current  i n  t h e  primary winding. 

( 11I.25 ) 

( 111.261 

( 111.27) 

( 111.28) 

l / m ;  

Assuming t h a t  
I I ,  s i n  (ot t- 6), 

w e  obtain 

I2 2(b= 4stp SI,sin (ot +6 ) .  

Different ia t ing f l u x  with respect  t o  t i m e ,  w e  obtain 

112E ,  =4npCIO '-

1 
SI,cos (ut-t6). 
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Accordingly, i f  a l l  t h e  parameters of t he  primary and secondary windings Llo8 
remain constant, t h e  true current  a l s o  remains constant and t h e  e m f  i n  t h e  

secondary winding w i l l  be dependent on t h e  magnetic permeabili ty o f  t h e  sample 

Et = P t  ( 11I.29 ) 

Eo Po 
where 

Et is t h e  induced e m f  for t h e  corresponding pt1 which corresponds t o  the  

temperature TO; 

E and po are the  induced e m f  and magnetic permeabili ty a t  t h e ' i n i t i a l  

temperature. 

Thus, t h e  dependence of P on temperature is  determined by measuring the  emf 

i n  t h e  secondary winding. The s a m e  method m a k e s  it possible  t o  determine t h e  

Curie point f o r  a p a r t i c u l a r  sample: a t  the  Curie point  Et -+ 0. 

Sample magnetization i s  computed using t h e  formula 

I = B/P. ( 111.30 ) 

In t h i s  case t h e  magnetic permeabili ty is measured by the  methods described 

above and magnetic induction B i s  determined by measuring t h e  H a l l  e m f  i n  t h e  

p a r t i c u l a r  f i e l d .  

3. 	 Regu la r i t i e s  i n  t h e  Change of t he  Electric and Magnetic 
P rope r t i e s  of Minerals &- a Temperature Change_ _  

The r e s u l t s  o f  measurements of sample resistances a t  d i f f e r e n t  temperatures 

are used i n  constructing graphs of t h e  dependence of conductivity of  t h i s  mineral 

on temperature g = f ( T o )  (Figure 55). The g = f ( T o )  curves for minerals have 

t h e  shape o f  exponential curves; t h e  dependence of conductivity of minerals on 

temperature i n  the  region of  i n t r i n s i c  conductivity is described by t h e  expres­

s ion  [7] 

where 

A is  a constant c h a r a c t e r i s t i c  f o r  t h e  p a r t i c u l a r  mineral (ohmmcm)-1 ; 



Q is the  charge a c t i v a t i o n  energy f o r  t h e  mineral, J;1 


k is t h e  Boltzmann constant, J/degree; 


T is  absolute temperature, O K .  


I n t r i n s i c  conductivity of minerals predominates a t  temperatures higher than 

b O - 5 0 0 ° K .  A t  higher temperatures expression (111.31) can be used without 

allowance f o r  e x t r i n s i c  conductivity. In  t h e  region o f  i n t r i n s i c  conductivity 

A and Q w i l l  be constants c h a r a c t e r i s t i c  f o r  t h e  p a r t i c u l a r  mineral. 

LlO9 


Figure 55. 	 Dependence of r e s i s t i v i t y  Figure 56. Dependence of I n  p on 1/T 
of  qua r t z  on temperature. f o r  quartz.  

Expression (111.31) descr ibes  conductivity as a funct ion of temperature f o r  

semiconductors and conductors of t h e  second kind ( s o l i d  e l e c t r o l y t e s ) .  

Minerals, being ion ic  compounds, have i o n i c  and e l e c t r o n i c  i n t r i n s i c  

conductivity. Ionic  conductivity begins t o  appear i n  minerals a t  a higher 

temperature. The presence of i o n i c  conductivity and i ts  role i n  t o t a l  conducti­

v i t y  can be judged from m a s s  t r a n s f e r .  The prolonged passage of a dc current 

through mineral samples l eads  t o  a change i n  t h e i r  conductivity;  t h i s  is a l so  

a t t r i b u t a b l e  t o  i o n i c  conductivity. 

The mineral c h a r a c t e r i s t i c s  A and Q can be determined from the  g = f ( T o >  

curves. I t  is more convenient t o  use r e s i s t i v i t y  P, r a t h e r  than conductivity, 

i n  determining these  parameters. A s  is  w e l l  known, g and Q are r e l a t e d  t o  one 

- __ - - - ­

1. 	 Q is t h e  energy which must be expended on freeing t h e  charge from t h e  bonds 
i n  t h e  c r y s t a l  l a t t i c e ,  J. 



another as p = g -1 ; accordingly, t h e  dependence o f  p on temperature is  expressed 

by t h e  equation 

(111.32) 

Formula (111.32) i s  reduced t o  logarithmic form f o r  determining Q 

Q 1I n p =  -1nA +-k .T .  (111.33) 

It can be seen from expression (111.33) t h a t  t h e  dependence I n  p = v ( l / T )  

is l i n e a r  (Figure 56) .  

D i f f e ren t i a t ing  (111.33) f o r  1/T, we obtain 

The first de r iva t ive  is equal t o  t h e  tangent of t h e  slope o f  t h e  tangent 

t o  t h e  curve a t  a pa r t2cu la r  point .  I n  our case 

hence 

Q =2h.tgq, ( 111.36 ) 

where t h e  t an  $ value i s  determined from t h e  I n  p = rp(l/T) curves. 

The constant A can be determined from t h i s  s a m e  graph: when l / T  = 0 

(T a) it follows from equation (111.33) t h a t  In  A c I n  P, t h a t  is, I n  A 

is t h e  segment intercepted by t h e  s t r a i g h t  l i n e  I n  p = cp(l/T) on t h e  I n  p 

axis; accordingly, A i s  t h e  r e s i s t ance  of t h e  mineral when T -t OD. 

In order  t o  exclude any e f f e c t  from the  intermediate r e s i s t ance ,  t h e  con­

s t a n t  A must be determined by another method. If t h e  contact r e s i s t ance  does 

not change during t h e  measurement process, t h a t  is, the  contact p l a t e  is not 

oxidized and does not  i n t e r a c t  with t h e  sample, the contact r e s i s t ance  p
con' 

not dependent on temperature, i s  added t o  the  t r u e  resis tance.  Accordingly, 

t h e  measured r e s i s t ance  is 

P:-- P (TI 4-P con (111.37) 
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The sample r e s i s t ance  p is measured with a constant e r r o r ;  accordingly,
con 

t h e  shape of  t he  p = $(TI  curve does not  change, but it is  displaced p a r a l l e l  

t o  its i n i t i a l  pos i t i on  by p . On t h e  I n  P = cp(l/T) graph t h e  s t r a i g h t  l i n e  
con 

s h i f t s  but its slope t o  t h e  1/T a x i s  remains constant; t h i s  means t h a t  t h e  

e r r o r  i n  measuring p e n t e r s  i n t o  t h e  constant A. In o rde r  t o  exclude t h i s  

e r r o r  w e  w i l l  d i f f e r e n t i a t e  Q. (111.37) f o r  T 

( 111.38) 

Accordingly, t h e  A value can be determined from t h e  p = $ ( T I  curve. 

W e  w i l l  d i f f e r e n t i a t e  p i n  expression (111.32) with respect  t o  T 

hence 

(111.40) 

where 

t a n  8 is t h e  tangent of t h e  slope of t h e  tangent t o  t h e  p = $ ( T )  curve a t  

some point K with t h e  coordinates ( p  con' Tcon). The point  K must be 

taken with a q u i t e  high temperature i n  order t o  avoid t h e  influence 

of e x t r i n s i c  conductivity.  For p r a c t i c a l  purposes K must f a l l  on 

t h e  s t r a i g h t  l i n e  i n  the  I n  p = cp(l/T) graph (Figure 57) .  

The A and Q values are given i n  Table 3 3 .  

The l i t e r a t u r e  gives d i f f e r e n t  c l a s s i f i c a t i o n s  of minerals by conductivity 

[48, 491. W e  f e e l  t h a t  t h e  most complete c l a s s i f i c a t i o n  of minerals is based 

on band theory [ 8 ] .  According t o  t h i s  theory, a l l  minerals ( l i k e  any substances) 

can be c l a s s i f i e d  as conductors (whose a c t i v a t i o n  energy is Q kT) semiconductors 

(whose a c t i v a t i o n  energy is Q M kT), and d i e l e c t r i c s  (whose a c t i v a t i o n  energy L l l l  
is Q kT). 

Native m e t a l s  and some v a r i e t i e s  of graphite a r e  among t h e  conducting 

minerals. Since t h e  width of t he  forbidden band f o r  minerals changes smoothly 

within t h e  range of one order  of magnitude, it is impossible t o  de t ec t  a sharp 

boundary between semiconductors and d i e l e c t r i c s .  Such a boundary is a l s o  
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Figure 57. 	 Determination of K p o i n t :  
1- region of  i n t r i n s i c  conductivity;  
2- region of  ex t r in s i c  conduct iv i ty .  

TABLE 3 3 .  	 VALUES O F  COEFFICIENT A AND CHARGE ACTIVATION ENERGY 
FOR SOME MINERALS 

Mineral 
- ___- -

Quartz  

Chalcopyri te  

H a l i t e  

Magnetite 

H e m a t i t e  

O l igoc la se  

Sphaler i te  

C a l c i t e  

Labrad0rite 

F1uori te 

Apat i te  

S i  de r it e  

M i  croeli n e  

Nepheline 

C h lorite 

T r e m o l i t e  

B a r i - t e  

I l m e n i t e  

Diopside 

-

A, ohm/cm 
- 1/2.10 '20J e V  -~ _ _  

0 - 9 3  15* 32 1 913 
0.1334 2.68 0.334 

0 - 585 17 - 94 2.24 

0.63 1.518 0.0915 

0.00324 7 -76 0 965 
4.32- lo3 7-87  0.98 

1530 5.35 0.667 

0 * 077 17.55 2.19 

2600 7.44 0.93 
22 12.4 1 - 5 5  

4.78.10'~ 17.6 2.2 

0.617 11.5 1.44 

430 12.32 1.54 

12.2 8.6 1.13 

724 9.62 1.2 

199 11.2 1 .4  

0.0266 20.3 2.53 
0.0763 3.45 0.43 

19.7 8.6 1.07 

~ 
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TABLE 33 continued 

. .-.- __ . .-~. . . .  

Mineral 
. - -

Anhydrite 

Corundum 

Coal 

Muscovite 

Diamond 

undetectable f o r  conductivity which 
-14 -1

from 10 t o  10 (ohmacm) This boundary 

1/ 2 - J e V  
-_ .~ 

8.35 
4.6 

21.2 

-
-

1.04 

5.74 
2.65 

3.5 

4.5-5 

changes f o r  minerals a t  room temperature 

. can be set  a r t i f i c i a l l y  i f  one 

agrees t o  c l a s s i f y  as  semiconductors those minerals whose charge ac t iva t ion  

energy is  not g rea t e r  than and whose i n i t i a l  r e s i s t ance  ( a t  room tempera­

t u r e )  i s  not  g rea t e r  than lo lo  ohm-cm and a s  d i e l e c t r i c s  those minerals with ac- L112 

t i v a t i o n  energy g rea t e r  than l d 9  and i n i t i a l  r e s i s t ance  g rea t e r  than 101Oohm.cm. 

Table 33 shows t h a t  f o r  t he  most pa r t  t h e  semiconducting minerals are com­

pounds of heavy m e t a l s  and t h e  d i e l e c t r i c s  are compounds o f  l i g h t  m e t a l s  and 

nonmetals. Semiconductors and d i e l e c t r i c s  f a l l  i n  t h e  s a m e  mineralogical 

category. 
Minerals i n  t h e  carbonate, s i l icate ,  sulphate,  ha l ide  and phosphate 

ca tegor ies  a r e  f o r  t h e  most pa r t  d i e l e c t r i c s ,  whereas t h e  oxides and s u l f i d e s  

a r e  f o r  t he  most p a r t  semiconductors. Accordingly, t h e  conductivity of  minerals 

i s  dependent on t h e  proper t ies  of  t h e  elements included i n  a p a r t i c u l a r  mineral 

and on theformed c rys t a l  l a t t i c e :  f o r  example, i f  a m e t a l  ( t h a t  is, a conductor) 

and a nonmetal ( t h a t  is, a d i e l e c t r i c )  a r e  combined, a semiconductor i s  formed 

from t h e  simple compound cons is t ing  o f  these  two elements. Exceptions a r e  

compounds of  t h e  ha l ide  type. In  these  compounds the  valence e l ec t rons  of  t he  

metal, poorly held, pass  t o  the  halogen, which holds  them t i g h t l y .  Dielectr ics  

a r e  formed when a semiconducting element is combined with a d i e l e c t r i c  element. 

Complex compounds which include conductors, d i e l e c t r i c s  and semiconductors are 

f o r  t h e  most p a r t  d i e l e c t r i c  minerals. These r e g u l a r i t i e s  are o f  a q u a l i t a t i v e  

character.  I n  t h i s  case quan t i t a t ive  computations are made on t h e  b a s i s  of t h e  
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SChAdinger equation and are v i r t u a l l y  impossible. 

Minerals are character ized by t h e  presence of a large number o f  impurit ies.  

Table 34 gives t h e  chemical composition of some minerals. The impur i t i e s  sub­

s t a n t i a l l y  affect t h e  conductivity o f  minerals i n  t h e  region o f  low and in t e r ­

mediate temperatures: conductivity inc reases  considerably f o r  minerals with an 

a c t i v a t i o n  energy greater than 0.2 eV. The impur i t i e s  create donor l e v e l s  i n  

t h e  forbidden band o f  minerals;  t h e  width of t h e  formed energy gaps is con­

siderably less than t h e  width of t h e  forbidden band o f  t h e  mineral. H e r e  t h e  

t e r m  Ifforbidden band” a p p l i e s  t o  t h e  energy b a r r i e r  between t h e  conductivity 

band and t h e  valence band i n  t h e  c rys t a l .  The term Itenergy gap f 1  means t h e  

energy b a r r i e r  f o r  the e x t r i n s i c  ion o r  f o r  e l e c t r o n s  o f  t h e  e x t r i n s i c  ion. 

The dependence I n  p = cp(l/T) is  nonlinear (see Figure 57, zone 2) .  This 

i nd ica t e s  t h a t  i n  t h e  forbidden band several  energy gaps o f  d i f f e r e n t  width 

are formed a t  t h e  s a m e  time. On t h e  b a s i s  of chemical composition and t h e  

Debye powder diagram i ts  conductivity can be approximately computed, but t h i s  

r equ i r e s  more t i m e  than d i r e c t  measurement of electric conductivity. The quan t i ty  

and q u a l i t y  of t he  impur i t i e s  can be judged from t h e  dependence of conductivity 

on temperature. 

The exponential decrease i n  r e s i s t i v i t y  of minerals continues up t o  the 

melting point.  This s e c t o r  (from t h e  region of predominance of i n t r i n s i c  con­

d u c t i v i t y )  is described by expression (111.32). A t  t h e  melting point  t h e  re- L114 

s i s t i v i t y  i s  sharply reduced (by several  o rde r s  of magnitude i n  d i e l e c t r i c  

minerals) t o  the r e s i s t i v i t y  of t h e  m e l t  f o r  t he  p a r t i c u l a r  mineral. 

This means t h a t  t h e  phase change from a s o l i d  to a l i q u i d  s t a t e  is accompanied 

by a considerable decrease i n  mineral r e s i s t ance .  In  a l i q u i d  s ta te  a l l  t he  

ions become charge carriers; i n  addi t ion,  t he  number of free e l ec t rons  increases  

because the  system energy increases .  With heating o f  a m e l t  of  minerals t h e i r  

r e s i s t i v i t y  decreases i n s i g n i f i c a n t l y  with a r e l a t i v e l y  large temperature increase.  

A t yp ica l  curve of t h e  dependence of mineral (magnetite) r e s i s t i v i t y  on tempera­

t u r e  i s  shown i n  Figure 58. H e r e  t h e  segmentmshows an exponential decrease 

i n  mineral r e s i s t i v i t y  t o  t h e  phase t r a n s i t i o n ;  t he  segment BC shows a decrease i n  

r e s i s t i v i t y  a t  t h e  phase t r a n s i t i o n ;  t he  segment CD shows t h e  r e s i s t i v i t y  of t he  

mineral m e l t .  
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TABLE 34. CONTENT O F  ELEMENTS I N  MINERALS, % 

U '  Mineral 

I 
Halite /Sideyitd Apatite

I I 

Note: No other  elements w e r e  detected. 

Commas represent decimal points. 

c 
CI 
Ld i

I 

1 



Figure 58. 	 Dependence of magnetite r e s i s t i v i t y  
on temperature. 

Rock Conductivity as--a Function-og Mineralogical Composition 
and C o n d u c t m y  of-Minerals Forming- a Rock 

I t  can be assumed t h a t  t h e  conductivity of minerals, t h e i r  content and 

arrangement i n  a rock determine i ts  conductivity ( r e s i s t a n c e ) .  

W e  w i l l  examine two cases: 

1) f o r  a d i r e c t  current ,  when t h e  electromagnetic f i e l d  frequency i s  

low; 

2 )  f o r  a high-frequency electromagnetic f i e l d .  

W e  w i l l  discriminate two rock s t ruc tu res :  c r y s t a l l i n e ,  i n  which c r y s t a l s  

o f  d i f f e r e n t  minerals are mixed i n  the rock m a s s ,  and s t r a t i f i e d ,  i n  which t h e  

l a y e r s  consis t  of d i f f e r e n t  minerals. 

I n  the  case of a s t r a t i f i e d  s t r u c t u r e  with a d i r e c t  current  t h e  vector of 

e l e c t r i c  f i e l d  s t r eng th  i s  d i r ec t ed  p a r a l l e l  t o  t he  l aye r s .  I n  t h i s  case the re  

w i l l  be an in-paral le l  connection of  l aye r  res is tances .  The r e s i s t ance  of f115 
s t r a t i f i e d  rock is determined i n  t h i s  case by t h e  resistance of t h e  l aye r  with 

a s m a l l  ( i n  comparison with t h e  o t h e r  l a y e r s )  r e s i s t ance  because f o r  t he  most 

p a r t  a l l  t he  current  passes  through t h i s  layer.  If t h e  r e s i s t a n c e s  of the o the r  

l a y e r s  are two or more o rde r s  of magnitude greater, they can be neglected. 

If the  e l e c t r i c  f i e l d  vector is perpendiculhr t o  t h e  l aye r s ,  t h e  current 

s t r eng th  is determined by t h e  r e s i s t i v i t y  of t h e  l a y e r  with t h e  maximum resis­

tance i n  comparison with the  r e s i s t ance  of t h e  o the r  layers .  If the r e s i s t ance  

of t h e  o the r  l a y e r s  is two or more orders  of magnitude less, they can be neglected. 
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In  t h i s  case a c i r c u i t  of r e s i s t i n g  l a y e r s  is obtained, connected i n  series. 


The resis tance o f  t h e  mineral with t h e  greatest r e s i s t i v i t y  is decis ive f o r  


t h e  considered case; accordingly, t he  rock r e s i s t ance  is  equal t o  t h e  r e s i s t ance  


of  t h i s  mineral. 


These cases i n d i c a t e  a marked anisotropy of t h e  conductivity o f  s t r a t i f i e d  

rocks. 

In hypocrystal l ine s t ruc tu res ,  regardless  of  t h e  d i r ec t ion  of  t he  f i e l d  

s t rength vector, t h e  rock conductivity is approximately i d e n t i c a l ,  t h a t  is, 

t h e  rock is i s o t r o p i c  i n  i t s  conductivity. If the  g ra ins  of semiconducting 

minerals with a low r e s i s t i v i t y  (and accordingly with a high conductivity) are 

separated by i n t e r c a l a t i o n s  o r  g ra ins  of d i e l e c t r i c  minerals with a high 

r e s i s t i v i t y ,  t he  rock r e s i s t ance  i s  equal t o  the  r e s i s t ance  of t h e  d i e l e c t r i c  

minerals. On the  o the r  hand, i f  t he  g ra ins  of semiconducting minerals a r e  

bound together,  the rock r e s i s t ance  is determined by the r e s i s t i v i t y  and s i z e  

of these grains.  The same re l a t ionsh ip  i s  c h a r a c t e r i s t i c  f o r  other  cases as 

well, such as f o r  rocks consis t ing of d i e l e c t r i c  o r  semiconducting minerals. 

The conductivity of each grain of rock mineral i s  important f o r  t he  electro­

magnetic f i e l d ,  f o r  a t r ave l ing  o r  standing electromagnetic wave. 

The lo s ses  of electromagnetic energy i n  a mineral grain with the  volume V1 
and the e l e c t r i c  conductivity g1 and with an e l e c t r i c  f i e l d  s t rength E are 

In o the r  g ra ins  characterized by the volumes V2, ..., V .  
1 

and the  s a m e  con­

duct ivi ty ,  gz, ..., 
gi, t h e  l o s s e s  a r e  determined by t h e  same method using t h e  

expression (111.41) with t h e  corresponding g.  and V. values. By adding the  

lo s ses  of electromagnetic energy i n  a l l  mineral g ra ins  i n  a rock, w e  obtain t h e  

l o s s e s  i n  electromagnekic energy i n  t h e  volume V of  a rock: 

( 111.42 

The s a m e  l o s s  i n  t h e  volume \I can be obtained if its conductivity is G :  L116 

Q = GE2V. ( I11.43 ) 
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By equating expressions (111.42) and (111.43) we ob ta in  t h e  rock con­

duc t iv i ty  as a function of t h e  conductivity of t h e  minerals forming t h e  rock 

and t h e i r  content i n  t h e  rock: 

( III.44) 

By denoting t h e  content o f  t h e  i f - h  mineral i n  the  rock as 

v . (111.45) 
c .  -s2’ V ’  

w e  obtain 

(111.46) 


Conductivity is computed using formula (111.46) with a high accuracy i f  t h e  

content of conducting minerals i n  t h e  rock is not greater than 40-50%. With 

higher contents of conducting minerals t h e  l i n e a r  dependence is not  confirmed; 

t h i s  can be a t t r i b u t e d  t o  t h e  inf luence of l oca l  1.orenz f i e l d s .  The loca l  

f i e l d  s t rength is determined from t h e  expression 

where 

E’ and E is  t h e  electromagnetic f i e l d  s t r eng th  with and without allowance 

f o r  l o c a l  f i e l d s ;  

G is the  rock d i e l e c t r i c  constant.  

With a l o c a l  f i e l d  taken i n t o  account, expression (111.46) assumes t h e  

form n 

(111,481 


Expression (111.48) i s  co r rec t  f o r  a rock content o f  conducting minerals 

greater than 50-60%. 

Expression (111.48) i s  well  confirmed experimentally i f  t h e  r e s i s t ance  of 

t h e  conducting minerals d i f f e r s  by two or more orders  of magnitude from t h e  

conductivity of t he  remaining minerals present i n  t h e  rock. 

140 




-- Dependence of. - R ~ c k~-endgct&vity on Temperature 

In  inves t iga t ing  t h e  dependence o f  rock conductivity on temperature, s e r ious  

a t t e n t i o n  must be given t o  t h e  representat iveness  o f  t he  samples, t h a t  is, t h e  

dimensions of t he  sample must be fa r  greater than t h e  dimensions o f  t h e  mineral L117 
grains.  The sample must include a l l  t h e  minerals i n  t h e  quan t i ty  i n  which they 

are present i n  t h e  rock. In preparing t h e  samples it is a l s o  necessary t o  take 

i n t o  account t h e  rock s t r u c t u r e :  i f  t h e  electric f i e l d  s t r eng th  vector i s  perpen­

d i c u l a r  t o  t h e  sample s t r a t i f i c a t i o n ,  t he  mineral with a maximum width of the  for­

bidden band i's of bas i c  importance i n  rock conductivity. Thus, i n  each s p e c i f i c  

case it is possible  t o  compute rock conductivity by constructing an equivalent 

electric diagram f o r  it. Such an evaluation w i l l  obviously be extremely approxi­

m a t e ,  s i nce  it is d i f f i c u l t  t o  take i n t o  account t h e  contact r e s i s t a n c e s  among 

t h e  mineral l a y e r s  and grains,  as  w e l l  as t h e  influence of de fec t s  ( f r a c t u r e s  

and c a v i t i e s )  and moisture content. 

The temperature dependence curves 

f o r  t he  conductivity o f  rocks consis t ing 

of minerals with d i f f e r e n t  forbidden 

bands d i f f e r  from t h e  temperature de­

pendence curves f o r  individual  minerals: 

conductivity first inc reases  t o  a temp­

e ra tu re  o f  8O-zOO"C and then begins 

t o  decrease t o  a minimum. In many 

Figure 59. Dependence of g r a n i t e  cases, the conductivity a t  t h e  minimum 
r e s i s t i v i t y  on temperature. point  is less than the i n i t i a l  value. 

Further heating again l eads  t o  an exponential conductivity increase.  In  t h e  case 

of monomineral rocks, o r  rocks f o r  which t h e  m a s s  of t h e  bas i c  mineral includes 

impregnations of g ra ins  of o the r  minerals, t he re  i s  an exponential dependence 

of conductivity ( o r  r e s i s t i v i t y )  on temperature (Figure 5 9 ) ,  customary f o r  t he  

bas i c  mineral. The charge a c t i v a t i o n  energy f o r  such rocks coincides with t h e  

corresponding value f o r  t h e  bas i c  mineral. Determination of t h e  a c t i v a t i o n  

energy f o r  polymineral rocks revealed t h a t  f o r  these rocks it is equal t o  t h e  

ac t iva t ion  energy of t h i s  mineral, which among the  minerals forming t h i s  rock 

has a maximum a c t i v a t i o n  energy. For example, t he  ac t iva t ion  energy i n  sand­

stone, g ran i t e  and q u a r t z i t e  is 1.21, 1 .2  and 1.23 e V  respect ively.  The 
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a c t i v a t i o n  energy i n  quartz  i s  1.2 t o  1.4 eV. Accordingly, t h e  conductivity 

of these rocks is determined by t h e  conductivity o f  quartz .  Gabbro has an 

a c t i v a t i o n  energy equal t o  t h e  a c t i v a t i o n  energy o f  plagioclase:  1.67 eV.  

Thus, a decrease i n  conductivity i n  t h e  temperature range 100-200°C can be 

a t t r i b u t e d  t o  evaporation o f  t h e  present  moisture and blocking of t h e  through 

condilctivity of rock by the  mineral with t h e  maximum a c t i v a t i o n  energy. A s  a 

r e s u l t  of such blocking a space charge is formed which inc reases  t h e  rock re­

sis tance.  

The space charge inc reases  u n t i l  t he  energy of t h e  charge carriers becomes L118 
equal t o  t h e  a c t i v a t i o n  energy of t h e  blocking mineral. The l a t t e r  hypothesis 

is supported by t h e  f a c t  t h a t  during t h e  cooling of polymineral rocks t h i s  

effect is observed i n  t h e  s a m e  temperature range. A model can be constructed f o r  

t h i s  e f f e c t :  the conductivity of t h e  minerals making up a s e r i e s  c i r c u i t  is 

measured, the ac t iva t ion  energy of these minerals being d i f f e r e n t .  These phenome­

na a r e  observed only i n  contact  measurements. I n  superhigh-frequency f i e l d s  heat­

ing of rocks occurs exponentially s ince  i n  an electromagnetic f i e l d  each 

mineral is of independent importance. In superhigh-frequency f i e l d s  only s e m i ­

conductors and conductors are heated. The phenomenon is a l s o  observed i n  

s t r a t i f i e d  rocks, each of whose l a y e r s  cons i s t s  of minerals with d i f f e r e n t  

forbidden bands. In the  low-temperature region such phenomena are not  observed. 

Study of Mineral and Rock Conductivity 
i n  Low-Temperature Region 

The r e s i s t ance  of minerals and rocks i n  the  low-temperature region is in­

vest igated by t h e  same method as i n  t h e  high-temperature region. The samples, 

first placed i n  a vise ,  are paraff ined f o r  excluding t h e  inf luence of t h e  cooling 

medium and are then placed i n  a thermostat ( D e w a r  vessel  with a coolant) .  The 

readings are made after t h e  e n t i r e  sample assumes t h e  temperature of t h e  coolant; 

i n  t h i s  case i ts  re s i s t ance  is set a t  t h e  value c h a r a c t e r i s t i c s  f o r  t h e  pa r t i ­

cu la r  temperature. Solut ions of salts ,  dry carbon dioxide (-78.5"C), l i q u i d  

nitrogen (-1960c), o r  l i q u i d  hydrogen are used as t h e  coolant.  
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Figure 60. 	 Dependence of I n  p on 1/T 
f o r  rocks and minerals a t  
low temperatures: 1- coal ;  
2- galena; 3- pyr rho t i t e ;  
4- corundum; 5- sandstone; 
6- h a l i t e ;  7- g ran i t e ;  
8- ferruginous q u a r t z i t e ;  
9- s p h a l e r i t e ;  10- labra­
dor i t e .  

In t h e  case of minerals and rocks L l l 9  
having a great width of t h e  forbidden 

band, t h e  conductivity decreases sharply 

and a t  a temperature l7O-2OO0K is not 

detected by instruments. An exponential 

dependence does not p e r s i s t  f o r  s e m i ­

conducting minerals with a low a c t i v a t i o n  

energy with a decrease i n  temperature. 

This is p a r t i c u l a r l y  c h a r a c t e r i s t i c  for 

s u l f i d e s  (Figure 6 0 ) .  Such deviations 

are evidence of t h e  presence of impurit ies.  

Py r rho t i t e  e x h i b i t s  a conductivity anomaly: 

i n  a wide temperature range (77-100O0K) 

t h e  conductivity of py r rho t i t e  changes 

very l i t t l e .  Pyr rho t i t e  evidently 

occupies an intermediate pos i t i on  between 

conductors and semiconductors. Formula 

(111.36) can be used i n  computing t h e  

a c t i v a t i o n  energy of a mineral or rock 

a t  a p a r t i c u l a r  temperature. The a c t i ­

vation energies are given i n  Table 3 5 .  

The a c t i v a t i o n  energy of minerals and rocks is considerably less a t  low 

temperatures than a t  high temperatures. This means t h a t  conductivity a t  low 

temperatures is caused by the  presence o f  impurit ies.  

Some v a r i e t i e s  of py r rho t i t e  ( p y r r h o t i t e s  o f  t he  Kola Peninsula) have a 

very low ac t iva t ion  energy and therefore  t h e i r  conductivity i s  v i r t u a l l y  un­

changed a t  both high temperatures and with strong cooling. 

The content of a p a r t i c u l a r  element can be determined from the conductivity 

a t  a p a r t i c u l a r  temperature and from the valency of  e x t r i n s i c  ions and e l ec t ron  

mobi 1it y  . 
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- - - - 
TABLE 35. ACTIVATION ENERGIES 

- - __ - _ _  - - . 
~ 

-

Mineral, rock 
Activation 

energy, 
e V  

Temperature of sample a t  
which a c t i v a t i o n  energy w a s  
determined, OK 

-5- -.. .. _ _
I 

Corundum 0.887 170 
Nepheline 0.638 170 
S y l v i t e  1.15 170 
H a l i t e  0.908 170 
Granite 1.32 170 
Sandstone 0.95 170 
Labradorite 1.773 170 
Ferruginous q u a r t z i t e  0.716 150 
Spha le r i t e  0.155 77 
Galena 0.189-0.0618 77 
Coal 0.115 77 
Magnetite 0.0507 77 
Pyr rho t i t e  0.0353-0.0021 77 

Dependence of Conductivity of Minerals 
and R o c k s  on E l e c t r i c  F ie ld  Strength 

I t  has been e s t ab l i shed  t h a t  t h e  e l e c t r i c  f i e l d  s t r eng th  e x e r t s  an e f f e c t  

on t h e  conductivity of minerals and rocks. In  t h e  case of d i e l e c t r i c  minerals 

and rocks an increase i n  s t r eng th  by more than 20-30 V/m causes t h e  conductivity 

t o  begin a smooth increase.  Then a t  a c e r t a i n  s t r eng th  an e l e c t r i c  drop occurs 

i n  such rocks (Figure 61).  With the  e l e c t r i c  drop t h e  c i r c u i t  i s  short-

c i r c u i t e d  and the  breakdown channel i s  fused, but no s i g n i f i c a n t  sample heating 

occurs. In  semiconducting minerals and rocks conductivity begins t o  increase 

when the s t rength is g r e a t e r  than V/m; t h e  conductivity inc reases  t h e  

g rea t e r  t h e  i n i t i a l  r e s i s t ance  of t h e  p a r t i c u l a r  mineral. In  some minerals 

(Figure 62) the re  is a considerable temperature increase f o r  t h e  samples and a 

thermal drop. 

Experimental measurement of t h e  dependence of conductivity on e l e c t r i c  f i e l d  

s t rength a t  frequencies from 0 t o  lo3 H z  is accomplished i n  t h e  following way: 
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Figure 61. Dependence of resist:vity Figure 62. Graph showing t h e  dependence 
of a d i e l e c t r i c  mineral o f  r e s i s t i v i t y  of a s e m i ­
(o l igoc la se )  on e l e c t r i c  conducting mineral 
f i e l d  s t rength:  1, 2 and ( i lmen i t e )  on electric 
3- cycles  of  vol tage f i e l d  s t rength:  1 and 2­
appl ication. cycles  o f  voltage appl icat ion.  

t h e  sample is clamped between contact rods and i s  paraff ined t o  prevent atmospher­

i c  breakdown. A high voltage is applied t o  the sample and is  smoothly increased. 

The current  and voltage are measured i n  t h e  c i r c u i t .  The sample conductivity 

( o r  its r e s i s t i v i t y )  is computed f o r  a p a r t i c u l a r  s t rength,  af ter  which curves 

a r e  constructed f o r  t h e  dependence of sample conductivity on e lectr ic  f i e l d  

s t rength.  The choice of sample thickness  is dependent on i t s  s t ruc tu re .  

The mechanism f o r  increasing conductivity a t  a high voltage involves a force 

exc i t a t ion  of t he  charge c a r r i e r s .  The exc i t a t ion  can be e i t h e r  i n  t h e  form 

of a cutoff  of t he  charge c a r r i e r  by the  force F = eE, o r  a r e s u l t  of impact 

ionizat ion,  caused by the  fact t h a t  t h e  f r e e  charges, accelerat ing,  knock o f f  L121 
bound charges, making them free. O n  t h e  b a s i s  of t he  experimentally constructed 

graphs it i s  possible  t o  describe t h e  dependence o f  r e s i s t ance  on e l e c t r i c  f i e l d  

s t rength by the  exponential formula 

where 

Q i s  the width of the energy gap ( ac t iva t ion  energy) f o r  the p a r t i c u l a r  

mineral o r  rock, J; 

e is the  charge, coulomb; 

a is the  maximum path of t h e  p a r t i c u l a r  charge, cm; 

E is e l e c t r i c  f i e l d  s t rength,  V/cm. 
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Using formula (111.49), employing a method s i m i l a r  t o  t h a t  given above, we 

compute t h e  energy gap. For t h i s  purpose we reduce expression (111.49) to 
logarithmic form 

and we w i l l  d i f f e r e n t i a t e  Eq. (111.50) for 1/E 

(111.51) 

hence 

Q = ea t a n  'p. (111.52) 

If t h e  charge is assumed t o  be e = 1.6-lo'19 coulomb, t h a t  is, equal t o  t h e  

e l ec t ron  charge, t h e  path would be equal t o  t h e  maximum dis tance between the  

atomic planes i n  t h e  crystal l a t t i ce  i n  t h e  d i r ec t ion  o f  t he  e l e c t r i c  f i e l d  and 

t h e  width of t h e  energy gap can be computed. The width o f  t he  energy gap f o r  

t hese  values is  given i n  Table 36. From a comparison of t hese  values with t h e  

energy of thermal ion iza t ion  it can be seen t h a t  i n  t h i s  case t h e  energy of 

impact ionizat ion i s  two t o  seven o rde r s  o f  magnitude less than t h e  energy of 

thermal ionizat ion.  This free charge obviously has a g r e a t e r  path length than 

t h e  c rys t a l  l a t t i ce  constant. 

In  a study of these s a m e  d i e l e c t r i c  samples i n  a high or superhigh frequency 

f i e l d  (from 150 t o  3000 MHz/sec) with a f i e l d  s t rength from 0.5 t o  1.2 V/m one 

d e t e c t s  no dependence of sample conductivity on f i e l d  s t rength.  In  t h i s  case 

t h e  influence of f i e l d  s t r eng th  w a s  determined from t h e  electromagnetic energy 

absorbed by t h e  sample. The e f f e c t  of impact i on iza t ion  i n  high-frequency f i e l d s  

should be t h e  s a m e  as i n  low-frequency f i e l d s  and the re fo re  it can be postulated 

t h a t  with an increase i n  f i e l d  s t r eng th  t h e  conductivity o f  minerals and rocks 

w i l l  increase.  

If it is assumed t h a t  t h e  length of t h e  free path o f  e l ec t rons  i n  these 

minerals is lo2 t o  103 l a t t i c e  constants,  i n  t h i s  case t h e  width of the  energy 

gap i n  semiconducting minerals during impact e x c i t a t i o n  w i l l  be considerably L122 

less than i n  t h e  case of  thermal exc i t a t ion .  In  d i e l e c t r i c  minerals, t he  same 

assumption being made, t he  energy gaps f o r  both types of exc i t a t ion  w i l l  be 

approximately equal. Since t h e  change i n  conductivity during impact exc i t a t ion  
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is i n s i g n i f i c a n t  (within t h e  l i m i t s  o f  one order  of magnitude), such narrow 

energy gaps i n  minerals are created by e x t r i n s i c  ions. 

TABLE 36.  WIDTH OF ENERGY G A P  
-__ 

grystal l a s t i c e ]  Width of energy gap 
Mineral, rock constant, A pE, e VJ IQ~,bmpure Q, J 

- - -.._- ~-

H a l i t e  . . . . . . . . 

C a l c i t e  : . . . . . . . . 

Nepheline . . . . . . . . 

A a t i t e  . . . . . . . . . LJ.ti2 

FBuor i te .  . . . . . . . . 5.35 

Quartz ite . . . . . . . . 5.387 

Corundum. . . . . . . . . 13.01 

Oligoclase . . - . . . . 10.28 
H e m a t i t e .  . . . . . . . . 13.Z 
S h a l e r i t e  . . . . . . . s.4 
Ijlmenite. . . . . . . . . 14.01i 
p y r i t e .  . . . . . . . . . 5.4 
Galena  . . . . . . . . . 5,924 

~-

Commas represent decimal points.  

Dependence of Conductivity of Minerals and 
Rockcon Electromagnetic F ie ld  Frequency 

The conductivity of minerals and rocks a t  low and intermediate frequencies 

(up t o  200 1'4Hz) is measured i n  the following way. The samples of  minerals 

and rocks a r e  placed i n  a plane-parallel  capacitor.  Then Q - m e t e r s  are used 

i n  measuring t h e  d i e l e c t r i c  constant E and the  d i e l e c t r i c  l o s s  tangent 6 of 

samples. On t h e  b a s i s  of t he  Maxwell equation 

w e  f ind t h a t  i f  E IE s i n  ~ . t !then
0 

t a n  6 = g/", (111.54) 

from which t h e  sample conductivity is determined a t  t h e  p a r t i c u l a r  frequency 

g = &E' tan 6. (111.55 
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A t  frequencies g r e a t e r  than 200 MHz e '  and t a n  6 are measured i n  coaxial  

l i n e s .  AS mentioned above, t h e  minerals forming t h e  rocks are f o r  t h e  most p a r t  

i o n i c  compounds. The characteristic frequencies of i on  o s c i l l a t i o n s  are i n  t h e  

in f r a red  range and t h e  c h a r a c t e r i s t i c  frequencies of e l ec t ron  o s c i l l a t i o n s  are 

i n  t h e  v i s i b l e  range; accordingly, t h e  r e l axa t ion  l o s s e s  t o  frequencies o f  about 

1013 Ha f o r  minerals and rocks are n u l l .  However, a t  d i f f e r e n t  frequencies the re  

is an increase i n  conductivity of minerals and rocks with an increase i n  e lectro­

magnetic f i e l d  frequency by several  o rde r s  of magnitude. 

tan., 

43; 

416 

0 

Figure 63. Temperature-frequency 
dependence of t a n  S of 
g ran i t e  (based on data 
from E. N. Parkhomenko 
C521): 1- 50 k H z ;  
2- 500 H a ;  3- 5 
kHZ. 

A study of t h e  heating o f  minerals 

and rocks i n  high-frequency f i e l d s  shows 

t h a t  with an increase i n  f i e l d  frequency 

t h e  heating i n t e n s i t y  increases .  This can 

explain t h e  increase i n  conductivity of 

minerals having a low conductivity i n  
constant f i e l d s  (below 102 ohm-1* m-1 ). 

A s  is w e l l  known, conductivity is 

determined by t h e  number of current c a r r i e r s  

i n  a u n i t  volume and t h e i r  mobility, as 

w e l l  as t h e  charge of t h e  current  c a r r i e r s .  

D. Barlow [5O]  demonstrated t h a t  t he  H a l l  

constant i n  f i e l d s  from 0 t o  lolo H z  i s  

not dependent on frequency. This means 

t h a t  t h e  number o f  current  carriers and 

t h e i r  charge do not change i n  f i e l d s  with the  indicated frequency. C. K i t t e l  

[sl] feels t h a t  ion and e l ec t ron  mobili ty is not dependent on t h e  frequency of 

electromagnetic o s c i l l a t i o n s  up t o  the  in f r a red  frequencies H z )  . This 

means t h a t  conductivity i n  t h e  frequency range from 0 t o  1013 Hz is not  depen­

dent on frequency. Accordingly, t he  heating o f  rocks i n  high-frequency f i e l d s  

does not o r i g i n a t e  from Joule heat,  but from o the r  l o s s e s  o f  electromagnetic 

energy i n  minerals (Figure 63) .  

Invest igat ions of t h e  coe f f i c i en t  of  electromagnetic wave a t t enua t ion  i n  

minerals and rocks as a function of frequency revealed t h a t  with an increase i n  

frequency the  at tenuat ion coe f f i c i en t  increases  l i n e a r l y  ( i n  logarithmic co­

o rd ina te s ) .  However, i f  it is assumed t h a t  conductivity inc reases  l i n e a r l y  with 
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a frequency increase,  t he  na tu re  of t h e  dependence of t h e  absorption coe f f i c i en t  

on frequency w i l l  be t h e  s a m e  as i n  t h e  case o f  i nva r i ab le  conductivity ( i n  

logarithmic coordinates only t h e  slope of t he  s t r a i g h t  l i n e  changes). Accordingly, 

it is impossible t o  determine t h e  change i n  conductivity from t h e  absorption 

coe f f i c i en t  . 
The minerals become polar ized i n  an e l e c t r i c  f i e l d .  “his po la r i za t ion  can 

be regarded as a deformation o f  t h e  c r y s t a l  l a t t i ce  under t h e  inf luence of 

e l e c t r i c i t y :  

F = neE, ( I11.56 ) 
where 

ne i s  t h e  ion charge; 

e is t h e  e l ec t ron  charge (e = 1.6*10‘19 coulomb). 

The e las t ic  deformation energy f o r  an elementary c r y s t a l  c e l l  is 

11-2. -0 2­
2 K”j ’ 

where 

(J is  the  mechanical stress; 

E .  is t h e  elastic modulus. 
J 

A n  “elementary c e l l ”  is t h e  volume within which the p a r t i c u l a r  ion f a l l s .  

The mechanical stress 0 is determined using t h e  formula 

(111.58) 

where 

S is the  c r y s t a l  area.  

With a constant e l e c t r i c  f i e l d  s t r eng th  t h e  energy o f  e l a s t i c  deformation 

of an elementary c r y s t a l  c e l l  is 

If t h e  e l e c t r i c  f i e l d  changes with a change i n  frequency f ,  t h e  energy 

of elastic deformation per  second is  
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Some of t h e  energy of e las t ic  deformation is  transformed i n t o  po ten t i a l  

c r y s t a l  energy and is expended during r e tu rn  o f  a displaced ion  t o  a state of 

equilibrium. Some of t h i s  energy remains i n  t h e  crystal i n  t h e  form of heat.  

W e  w i l l  assume t h a t  t h e  la t ter  p a r t  is equal t o  P. If several ions  are in­

corporated i n t o  t h e  crystal, expression (111.60) is  generalized: 

m 

11’ ~= p f 2W e z E z  (111.61 1sqEj ’ 
i=1 

where 

k is t h e  number of elements i n  a u n i t  volume o f  t he  crystal. 

The heat  l o s s e s  during e las t ic  deformation can be w r i t t e n  as Joule  heat:  

(111.62) 

Using expression (111.62) it is possible  t o  determine what degree of increase 

i n  mineral conductivity should accompany such losses:  

(111.63 

This means t h a t  l o s s e s  of electromagnetic energy of any nature  can be re- Ll25 

presented i n  t h e  form of Jou le  heat. This w i l l  mean t h a t  with an increase i h  

frequency, t h e  mineral conductivity increases  l i n e a r l y .  

Thus, mineral and rock conductivity is composed of two const i tuents :  

( I1I. 64) 

The f l  . -omponent, ohmic conductivity, is created by t h e  free charges of 

any par t ic i l la r  mineral and is not  dependent on electromagnetic f i e l d  frequency; 

t h e  second is  t h e  imaginary conductivity Ag, dependent on electromagnetic f i e l d  

energy. Expression (111.64) is convenient t o  use i n  computations. If one of 

t h e  terms i n  (111.64) is g r e a t e r  than t h e  o the r  by an o rde r  of magnitude, t he  

value o f  t h e  lat ter term can be neglected. If it is assumed t h a t  t h e  ion charge 

is  equal t o  t h e  e l ec t ron  charge, S = 25 A02, E = 5-105 kg/cm 2, f= 3-109 Ha,
j 

with P = 1, w e  obtain Ag = 1 . 8 - 1 0 ~ ~(ohm*cm)’l. Accordingly, P is about 

- t h a t  is, f o r  t h e  most p a r t  c rys t a l  deformation is elastic. 

If t h e  ohmic p a r t  of t h e  conductivity, gcon, i nc reases  exponentially 
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with a temperature increase,  t h e  imaginary p a r t  o f  t h e  conductivity Ag a l s o  

increases,  but not s i g n i f i c a n t l y  (within t h e  l i m i t s  of  one order  of magnitude). 

Ion i n e r t i a  begins t o  exe r t  an effect a t  frequencies of t h e  order of t h e  

c h a r a c t e r i s t i c  frequencies of ion o s c i l l a t i o n s .  In  a f i e l d  of such a frequency 

t h e  electromagnetic f i e l d  quantum energy becomes equal t o  t h e  e l ec t ron  activa­

t i o n  energy and the re fo re  t h e  e l ec t ron  can be t r ans fe r r ed  i n t o  the  conductivity 

band. In  t h i s  case an emission quantum w i l l  be absorbed. The condition f o r  

e l ec t ron  t r a n s f e r  i n t o  t h e  conductivity band can be expressed by t h e  inequal i ty  

h.f 2 Q, (111.65) 

where 

h is t h e  Planck constant. 

For example, f o r  an a c t i v a t i o n  energy Q = 1.10-20 J t h e  quantum frequency 

must be equal t o  o r  exceed 1 . 5 0 1 0 ~ ~Hz,  t h a t  is, must be equal t o  the  frequency 

of i n f r a red  radiat ion.  

This phenomenon, ca l l ed  photoconductivity, is discovered during t h e  heating 

of samples i n  superhigh-frequency f i e l d s  with t h e i r  simultaneous i r r a d i a t i o n .  

In t h i s  process t h e r e  is an increase i n  t h e  number of f r e e  charges and more 

intensive heating. The experimental r e s u l t s  are given i n  Table 37. Il lumination 

was with a 1 kW incandescent lamp. The heating w a s  r eg i s t e red  separately from 

the  lamp, i n  a superhigh-frequency f i e l d  with a generator power of 2.5 kW, and 

i n  a superhigh-frequency f i e l d  with simultaneous i l lumination. The data  i n  

Table 37 show t h a t  i l luminat ion l eads  t o  addi t ional  heating of t h e  samples; 

t h i s  can be a t t r i b u t e d  only t o  an increase i n  t h e  r e l ease  of Joule heat i n  t h e  

superhigh-frequency f i e l d  due t o  an increase i n  t h e  number of free charges L126 

expelled by l i g h t  quanta. 

D i r e c t  measurements of t he  increase i n  conductivity during i r r a d i a t i o n  of 

minerals and rocks with v i s i b l e  l i g h t  or X-rays revealed t h a t  it is  impossible 

t o  detect  add i t iona l  conductivity because considerable e r r o r s  arise due t o  ex­

c i t a t i o n  of t h e  in su la t ing  medium. These e r r o r s  can be eliminated only with 

j o i n t  i r r a d i a t i o n  and heating i n  superhigh-frequency f i e l d s .  
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TABLE 37. HEATING TENF’ERATURE DURING ILLUMINATION 

Mineral, rock I r r a d i a t i o n  Heating temperature, degrees 

H a l i t e  

C a l c i t e  

Quartz 

Gypsum 

Magnetite 

H e m a t i t e  

Galena 

Labradorite 

Microcline 

S i d e r i t e  

Limonite 

Sandstone 

t i m e ,  
minutes superhigk 

f requencq 
f i e l d  

2 10 10 

2 40 0 

2 30 0 

2 30 0 

0.5 10 50 

0.5 10 40 

0.5 15 70 
1 25 20 

2.5 30 15 
2 35 30 
1 20 40 
2 40 150 

combined 
i r r a d i a t i o n  

15 
60 

35 

30 
100 

85 

90 

70 

50 

85 

80 

230 

Dependence of -Minergl-%nductivi ty on Sampl-e-D-efo-5atio-n 

Under uniaxial  compression ( o r  hydros t a t i c  pressure)  mineral conductivity 

changes i n  d i r ec t ions  perpendicular and p a r a l l e l  t o  t h e  appl ied force.  Semi­

conducting (gtilena, chalcopyrite,  py r i t e ,  magnetite, spha le r i t e ,  i lmenite,  

and l ab rador i t e )  and d i e l e c t r i c  minerals ( h a l i t e ,  calcite and f l u o r i t g )  w e r e  

invest igated f o r  determining t h e  dependence of mineral conductivity on deforma­

t ion .  These inves t iga t ions  revealed t h a t  t h e  r e s i s t ances  of a l l  samples decrease 

under s m a l l  compressive s t r a i n s .  With f u r t h e r  deformation t h e  Sample r e s i s t ances  

increase.  

A p a r t i c u l a r l y  s t rong increase i n  sample resistance is observed immediately 

p r i o r  t o  t h e i r  f ractur ing,  t h a t  is, during t h e  per iod o f  p l a s t i c  deformation 

(Figure 64).  A t  t h i s  t i m e  t h e  change .in r e s i s t ance  i s  one or two orders  of 

magnitude. During e l a s t i c  deformation of samples t h e  change i n  r e s i s t ance  is 

proportional t o  sample deformation. The change i n  r e s i s t ance  during p l a s t i c  

deformation can be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  current  carriers ( e l ec t rons  
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and ions )  are a t t r a c t e d  and he ld  by charged dis locat ion s t eps .  As noted by


J. Gilman [53], t h e  number of d i s loca t ions  is d i r e c t l y  proportional t o  t h e  re- 1127 


lat ive deformation E o f  the  sample, for example, f o r  h a l i t e  ( N a C 1 )  t h e  number 


of d i s loca t ions  is lo9 C.  


b 

a
1gp .:o;’ohm= 

6 


5 
Y 

3 

z 
I Qf QZ E ‘cm2 

Figure 64. Graph showing dependence of r e s i s t i v i t y  
of l ab rador i t e  on r e l a t i v e  deformation 
( a )  and stress ( b )  of a sample ( t h e  
dashed curve corresponds t o  t h e  sample 
f r ac tu r ing  process).  

On the  b a s i s  of t he  dependence of conductivity on r e l a t i v e  deformation it  

can be assumed t h a t  t h e  number of charged d i s loca t ions  is a l s o  proportional t o  

t h e  r e l a t i v e  deformation o f  t h e  sample. In  t h e  case of h a l i t e  t h e  number of 

charged d i s loca t ions  should be of t h e  s a m e  order  as the  number of current  
8carriers, t h a t  is, 10 , s ince  the  number of current carriers f o r  h a l i t e  i s  about 

107. If t h e  number of charged d i s loca t ions  is greater than t h i s  value, t h e  

conductivity of  minerals should change more sharply, and v i c e  versa. 

-ing Rock ConductivityControl1 -~ 

In  electrothermal methods f o r  f r ac tu r ing  rocks it is necessary t o  control 

t h e  e l e c t r i c  p rope r t i e s  of rocks and e spec ia l ly  t h e  conductivity, because 

electromagnetic energy is transformed i n t o  thermal energy by means of conductivity. 

Different  methods can be used for con t ro l l i ng  rock conductivity. The following 

are t h e  most r ead i ly  ava i l ab le  means f o r  external  modification o f  rocks which 

are employed i n  the  electrothermal destruct ion of samples: 

change i n  rock temperature: thermal exc i t a t ion  o r  slowing o f  t h e  charge 

carriers ; 

increase i n  electromagnetic f i e l d  s t rength:  fo rce  or impact e x c i t a t i o n  

of charge carriers; 
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mechanical deformation o f  t he  rock: c rea t ion  of t r a p s  f o r  charge carriers; 

d i f f e r e n t  kinds of ion iz ing  rad ia t ion :  exc i t a t ion  of  charge carriers 

during capture of a r ad ia t ion  quantum. 

Now w e  w i l l  determine t h e  energy capacity of  d i f f e r e n t  types of exc i t a t ion  1128 

of  charge carriers. 

Thermal exc i t a t iqn  o r s l o w i n g .  A s s u m e  t h a t  t h e  quant i ty  of  energy W is 

expended on t h e  heating or cooling of  a u n i t  volume of  rock. The rock tempera­

t u r e  changes by AT = W/cm degrees, where c is hea t  capacity,  J/g-degree and m 

is density,  g/cm 3; accordingly, t he re  is a change i n  conductivity by 

(111.66) 


Force o r  impact exc i ta t ion .  W e  w i l l  introduce i n t o  a u n i t  volume of rock 

some quant i ty  of energy W i n  t h e  form of  electric f i e l d  energy: 

This causes t h e  electric f i e l d  s t rength  t o  increase by AE = (q)112; t h i s  

causes an increase i n  conductivity by 

where 

QE is the  width of  the  energy gap i n  t h e  case of force  exc i t a t ion  (see 

Table 36). 

Formation of charge-t-raps during rock-deformstion.- If t h e  quant i ty  of 

energy W is introduced i n t o  a u n i t  volume of  rock i n  t h e  form of  the  energy of 

elastic deformation 1W=-U&,2 

a u n i t  volume of rock is deformed by e = 2W/a. A s  demonstrated above, the  rock 

conductivity is proportional t o  its deformation: g = k/e, where k is a pro­

por t iona l i t y  fac tor .  Accordingly, the  decrease i n  conductivity i s  

( 111.68) 



The increase ( o r  decrease) i n  conductivity can be computed f o r  each spec i f i c  

rock on t h e  b a s i s  of  t he  derived expressions; then, comparing t h e  r e su l t s ,  one 

determines which of  t h e  methods is m o s t  e f f e c t i v e  with respect  t o  energy. 

Thermoelectromotive force i n  rocks. With a change i n  the  contact tempera­

t u r e  f o r  two minerals a t h e m e l e c t r o m o t i v e  force  appears. The s t rength  of  the  

thermoelectromotive force  is dependent 

on t h e  conductivity of t h e  contacting 

minerals. The grea tes t  i n t e n s i t y  of  

t h e  thermoelectromotive force  (up t o  

40-45 mV) a t  a contact temperature of 

about 2oo°C is  observed i n  a p a i r  of  

su l f ides ,  f o r  example, i n  t h e  galena-

p y r i t e  pa i r .  The thermoelectromotive 

force  is inves t iga ted  i n  an instrument 
Figure 65. 	 Graph showing t h e  dependence 

i n  which one of  t he  minerals is main-of t h e  thermoelectromotive 
force  f o r  a hematite- ta ined  a t  a constant temperature and 
magnetite p a i r  on t h e  con- t h e  o ther  is heated.tact  temperature of mineralsj  
1- heating; 2- cooling. 

Figure 65 i l l u s t r a t e s  t he  depen­

dence of  t he  thermoelectromotive force  f o r  t h e  p a i r  hematite-magnetite on t h e  

contact temperature of minerals. 

The appearing thermoelectromotive force  is r e l a t i v e l y  s m a l l ,  but  under 

na tura l  conditions,  t he  individual  emfs being added together,  can give r ise t o  

s t r a y  currents ,  induce e l e c t r o l y s i s  of  w a t e r  solut ions,  and o ther  phenomena. 

Dielectric Constant of Rocks as a Function of  t h e  
Mineralogical Composition of  a Rock and the  
Dielectric Constant of  Minerals 

Different  researchers  have proposed many formulas which m a k e  it possible  

t o  determine t h e  d i e l e c t r i c  constant o f  heterogeneous media as a funct ion of 

t h e  concentration of t h e i r  component substances and t h e i r  d i e l e c t r i c  constants. 

In  general, these formulas are s u i t a b l e  f o r  two-component media with a d e f i n i t e  

configuration of  p a r t i c l e s  and a d e f i n i t e  r egu la r i ty  i n  t h e i r  d i s t r ibu t ion  i n  t h e  

m a s s .  Each formula has  its own l i m i t  of  app l i cab i l i t y ,  within which it gives 

good agreement with the  experimental data. 
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It appears des i rab le  t o  es t imate  t h e  effect o f  t h e  concentration of  minerals 

i n  a rock and t h e i r  dielectric constants  on energy d i s t r i b u t i o n  i n  minerals. 

The energy of a volume o f  rock i n  an electric f i e l d  is determined from the  

equation 

where 

i s  the  d i e l e c t r i c  constant of t he  rock i n  t h e  volume V; 

E is electric f i e l d  s t rength ;  

El, ..., 'i are t h e  d i e l e c t r i c  constants  of  t h e  minerals ,arming the  rock; 

V1' ..., V. 
1 

are t h e  volumes of the  minerals i n  t h e  volume V of  rock. 

W e  w i l l  write expression (111.69) i n  t h e  form 

( 111.70 

and use the  nota t ion  

where 

C 
1' c2' 

..., c . a r e  t h e  contents  of t h e  p a r t i c u l a r  minerals i n  t h e  rock. 
1 


Expression (111.70) assumes t h e  form 

n 

E = 2 EiCi. (111.71)
i=1 

For a number of  rocks, expression (111.71) gives good agreement with experi­

mental data  ( f o r  example, f o r  s u l f i d e  o re s ) .  For o the r  rocks the re  are devia­

t i o n s  from t h i s  dependence; t h i s  can be a t t r i b u t e d  t o  the  presence of l oca l  

e l e c t r i c  f i e l d s  of mineral grains .  

In  general, it can be a s se r t ed  t h a t  the  d i e l e c t r i c  constant o f  a rock is 

a function ( i n  the  simplest  case, l i n e a r )  of t h e  rock composition and the  

proper t ies  of minerals. 

Dependence of D ie l ec t r i c  Constant of Minerals-an$ 
Rocks on Electromagnetic F ie ld  Frequ-ency 

Experiments show t h a t  t he  d i e l e c t r i c  constant of minerals and rocks, when 
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measured a t  d i f f e r e n t  frequencies, has  d i f f e ren t  values; f o r  some rocks these  

d i f fe rences  are ins ign i f i can t  i n  a broad frequency range, whereas f o r  o the r s  

they are extremely s ign i f i can t .  This ind ica t e s  t h a t  t h e  d i e l e c t r i c  constant of 

minerals and rocks is a funct ion of electromagnetic f i e l d  frequency. Accordingly, 

t h e  dependence of  t he  dielectric constant on temperature must be measured a t  a 

d e f i n i t e  frequency. 

In  order  t o  determine the  dependence of  t h e  d i e l e c t r i c  constant on frequency 

t h e  d i e l e c t r i c  constant is measured a t  d i f f e ren t  frequencies. Then curves of 

t h i s  dependence are constructed. 

Analysis of these  curves revea ls  t h a t  t h e  d i e l e c t r i c  constant of minerals 

and rocks decreases with an increase i n  electromagnetic f i e l d  frequency. A 

decrease i n  the  d i e l e c t r i c  constant can be a t t r i b u t e d  t o  the  i n e r t i a  of ions. 

The d i e l e c t r i c  constant therefore  tends  t o  the  square of t h e  r e f r a c t i v e  index 

f o r  l i g h t  i n  the  p a r t i c u l a r  medium. 

In order  t o  evaluate  t h e  dependence of  the  d i e l e c t r i c  constant of minerals 

on electromagnetic f i e l d  frequency w e  wr i t e  an equation f o r  t h e  forces  ac t ing  

on t h e  charge ( ion  or e lec t ron ) :  

azs m -+- P-as 4-lis=qE,sin at, (111.72)
812 at 

where 

m i s  charge m a s s ,  kg; 

S is charge displacement r e l a t i v e  t o  the  pos i t ion  of equilibrium, m; 

is i n e r t i a l  force,  N; 

p is a f a c t o r  taking i n t o  account res i s tance  t o  movement of a charge on 

the  p a r t  of the  charges surrounding it ( t h e  P f a c t o r  is s i m i l a r  t o  t he  

f r i c t i o n  f a c t o r ) ,  kg/sec; 
asP- is  the  force  of resistance, N;a t  

k is t h e  e l a s t i c i t y  coef f ic ien t ,  kg/sec 2 ; 


kS is t h e  res tor ing  force,  N; 


E
0 

is t h e  amplitude of electric f i e l d  s t rength,  V/m; 


UI is t h e  angular frequency of  electric f i e l d  change, l/sec; 


t is t i m e ,  sec; 


qEo s i n  w t is  an ex terna l  force  ac t ing  on t h e  charge q. 
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By solving J3q. (111.72) we ob ta in  

S=As inot ,  

where 

A is t h e  amplitude of  charge displacement. 

By rep lac ing  S i n  (111.72) by A s i n  c u t ,  we ob ta in  

From t h e  expression 

B 5 qS == BE, sinot, 

(111.73) 

(111.75) 

where 

B is 

p is  

and using 

t h e  d ipole  moment of  t h e  charges, coulomb-m; 
2

t h e  p o l a r i z a b i l i t y  of  t h e  charges, km /V, 

expression (111.74) we determine t h e  p o l a r i z a b i l i t y  of  t h e  charges 

(111.76) 

In t h e  denominator we take t h e  time-averaged value for t h e  per iod of  f i e l d  

change using t h e  formula 

0 
where 

T is t h e  per iod  of charge o s c i l l a t i o n s ,  sec. 

With t h e  mean value taken i n t o  account, expression (111.76) assumes t h e  

form 

(111.78) 

where 

f is l i n e a r  frequency, Ha. 

By knowing t h e  p o l a r i z a b i l i t y  of  charges f o r  a p a r t i c u l a r  mineral it is Ll32 

poss ib l e  t o  determine its dielectric constant.  

With Eq.  (111.78) taken i n t o  account, and also knowing t h a t  t h e  mineral is 

an i o n i c  compound having ion  and e l ec t ron  p o l a r i z a b i l i t i e s ,  we  determine t h e  
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d i e l e c t r i c  constant of t h e  mineral 

where 

N is t h e  number of charges i n  a unit volume, l /cm3;  

e
0 

i s  t h e  d i e l e c t r i c  constant of a vacuum i n  t h e  in t e rna t iona l  system; 

pi and pe are ion  and e l ec t ron  p o l a r i z a b i l i t i e s ;  

e i s  e l ec t ron  charge, coulomb; 

ne is ion charge, coulomb. 

The subscr ipt  ' t i "  a pp l i e s  t o  ions. 

Figure 66. 	 Graph o f  t h e  dependence 
o f  r e l a t i v e  d i e l e c t r i c  
constant of rocks and 
minerals of electromagnetic 
f i e l d  frequency; 1- hematite; 
2- ferruginous (hemati t ic)  
q u a r t z i t e ;  3- l ab rador i t e ;  
4- halite; 5- grani te .  

With an increase i n  frequency 

t h e  d i e l e c t r i c  constant decreases; 

t h i s  decrease is most s t rongly 

expressed f o r  heavy minerals (Figure 

66). With an increase i n  frequency 

t h e  d i e l e c t r i c  constant is increas­

ing ly  a f f ec t ed  by e l ec t ron  polar i ­

z a b i l i t y .  A t  superhigh frequencies 

t h e  d i e l e c t r i c  constant tends t o  

t h e  square of t h e  r e f r a c t i v e  index, 

whereas a t  low frequencies ion 

p o l a r i z a b i l i t y  e x e r t s  a considerable 

effect on t h e  d i e l e c t r i c  constant. 

A marked decrease i n  e t  is ob­

served f o r  semiconducting minerals 

having a high d i e l e c t r i c  constant 

a t  low frequencies. I n  d i e l e c t r i c  

minerals and rocks t h e  decrease i n  

t h e  dielectric constant with an in­

crease i n  electric f i e l d  frequency 
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by several o rde r s  o f  magnitude is only 15-25%. In semiconducting minerals a t  

low frequencies ent i re  regions are evident ly  pblarized. 

The dielectric constant o f  rocks i s  dependent on t h e  d i e l e c t r i c  constants  L133 
o f  its component minerals and t h e i r  q u a n t i t a t i v e  r e l a t i o n s h i p  i n  t h e  rock. For 

example, i n  ferruginous q u a r t z i t e  t h e  main inf luence on its d i e l e c t r i c  constant 

is many t i m e s  g r e a t e r  than f o r  quartz.  With an increase i n  frequency t h e  di­

electric constant of rocks a l s o  increases. 

Figure 67. 	 Graph o f  t h e  dependence 
of  t h e  r e l a t i v e  di­
electric constant o f  
minerals on temperature; 
1- s i d e r i t e ;  2- h a l i t e ;  
3- microline. 

Dependence of Dielectric Constant 
o f  Minerals and Rocks. on Tempera­
ture-
The dependence of t h e  d i e l e c t r i c  

constant of  minerals and rocks on 

temperature can be inves t iga t ed  only 

a t  intermediate frequencies. The 

measurements are made with a + m e t e r .  

A f t e r  determining t h e  d i e l e c t r i c  

constant a t  d i f f e r e n t  temperatures, 

curves are constructed f o r  representing 

t h e  dependence of t h e  dielectric con­

stant on temperature. With a change 

i n  temperature t h e  d i e l e c t r i c  constant should change l i n e a r l y  [54], but t h i s  

l a w  is  not s a t i s f i e d  even f o r  a c r y s t a l  with a cubic l a t t i ce  (Figure 67, curve 

2) .  The increase i n  t h e  d i e l e c t r i c  constant with an increase i n  temperature can 

be a t t r i b u t e d  t o  an increase i n  c r y s t a l  volume during thermal expansion. 

In order  t o  determine t h e  dependence of � 1  on temperature one introduces 

t h e  d i e l e c t r i c  constant temperature coe f f i c i en t  TKsf 

The Clausius-Mossotti formula is used f o r  estimating TKEI 

iI11.80 1 
where 

N is  t h e  number of p a i r s  of ions i n  1 cm3 of minerals; 

a1 and a2 is  t h e  e l ec t ron  p o l a r i z a b i l i t y  of  ions;  
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CLi i s  ion p o l a r i z a b i l i t y .  

W e  d i f f e r e n t i a t e  formula (111.80) f o r  T and then determine TKe’: 

(111.81) 

With an increase i n  temperature t h e  mineral expands; accordingly, t h e  

volume occupied by one ion increases.  In  t h f s  case t h e  e l ec t ron  p o l a r i z a b i l i t y  
� 1 - 1

of t he  mineral is reduced by t h e  value (-3 6‘+2 plin) , s ince  t h e  s p e c i f i c  L134 
densi ty  of  e l ec t rons  i n  lcm3 decreases. However, ion p o l a r i z a b i l i t y  increases  

because ion displacement increases.  H e r e  p 1i n  is t h e  coe f f i c i en t  of l i n e a r  

expansion. 

The conductivity of minerals i nc reases  exponentially with a temperature 

increase.  The f r e e  charges i n  t h e  electric f i e l d  are more mobile than t h e  bound 

charges and the re fo re  they exe r t  a greater influence on t h e  d i e l e c t r i c  constant 

of minerals than an increase i n  volume during thermal expansion. If it is 

assumed t h a t  t he  influence o f  f r e e  charges on t h e  d i e l e c t r i c  constant i s  ‘iNl , 
No 

where N1 is t h e  number of free charges i n  a u n i t  volume of t h e  mineral; N0 i s  the  

number of ions i n  a u n i t  volume, including free charges, with a temperature 

increase t h e  number of free charges i n  a u n i t  volume of t h e  mineral increases  

exponentially and the re fo re  t h e  d i e l e c t r i c  constant a l s o  increases  exponentially: 

(111.82) 

The exponential nature  of t h e  dependence of t he  d i e l e c t r i c  constant 

corresponds t o  experimental data.  

During the  cooling of minerals and rocks the  d i e l e c t r i c  constant decreases 

i n s i g n i f i c a n t l y  i n  comparison with t h e  d i e l e c t r i c  constant a t  room temperature. 

.- -Dependence of Dielectric L o s s  Tangent on Temperature 

With a temperature increase t h e  d i e l e c t r i c  l o s s  tangent ( t a n  6 )  increases  

exponentially because with an increase i n  temperature t h e  rock conductivity in­

creases exponentially. However, t he  nature  of t h e  t an  6 change is dependent on 

frequency (see Figure 63). This can be a t t r i b u t e d  t o  the  fact  t h a t  with an 
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increase i n  frequency t h e r e  is an increase i n  t h e  r o l e  o f  t h e  imaginary p a r t  o f  

conductivity i n  t h e  vector  admittance, whereas t h e  imaginary p a r t  of conductivity 

increases  r e l a t i v e l y  s l i g h t l y  with a temperature increase (within t h e  l i m i t s  o f  

one order  of magnitude); however, within t h i s  same temperature range vector  

admittance changes by several  o rde r s  o f  magnitude. The d i e l e c t r i c  constant 

( r e a l  p a r t )  changes with a t e q e r a t u r e  increase within t h e  range of one o r  two 

o rde r s  of magnitude and the re fo re  with a temperature increase t a n  6 increases  

exponentially and t h i s  increase occurs f o r  t h e  most p a r t  due t o  an exponential 

increase i n  t h e  r e a l  p a r t  of conductivity:  

(111.83) 


Here, glf i s  t h e  imaginary p a r t  o f  conductivity. 

With a temperature increase t h e  ohmic p a r t  of conductivity increases  ex- L13.5 

ponentially.  However, a t  a d e f i n i t e  temperature i ts  absolute  value is less than 

t h e  absolute  value of t he  imaginary p a r t  of vector  admittance. Accordingly, i n  

t h i s  temperature range t an  6 increases  s l i g h t l y ,  but  as soon as t h e  value of 

t h e  r e a l  p a r t  of conductivity a t t a i n s  t h e  value of t h e  imaginary p a r t ,  t a n  6 
begins t o  increase exponentially with a temperature increase.  

Magnetic Permeability and Rock Magnetization-as a 
Function of Mineralogical Cogos i t i gn - and Temperature__  

Most minerals are para- o r  diamagnetic and t h e i r  magnetic permeabili ty i s  

approximately equal t o  uni ty .  The rocks consis t ing of t hese  minerals are a l s o  

para- o r  diamagnetic and t h e i r  magnetic permeabili ty is a l s o  close t o  unity.  A 

s m a l l  number of minerals, t h e  most common o f  which are magnetite, py r rho t i t e ,  

and t i tanomagnetite,  are ferromagnetics whose permeabili ty d i f f e r s  appreciably 

from unity.  The magnetic permeabili ty o f  t h e  rocks i n  which these  minerals are 

found is greater than uni ty;  t h e  magnetic permeabili ty of t h e  rock i s  dependent 

on its content of a ferromagnetic mineral. 

W e  w i l l  write t h e  energy of a ferromagnetic i n  t h e  magnetic f i e l d  

( 111.84) 

162 




where 

FL is  t h e  magnetic permeabili ty of a volume V of rock; 

pl, p2, ..., p. are t h e  magnetic permeabi l i t ies  of t h e  minerals making up
1 


t h e  rock; 

V1, V2, ..., V. 
1 

are t h e  volumes of minerals forming t h e  volume V with t h e  

corresponding magnetic permeabi 1ities. 

Eq. (111.84) can be wr i t t en  as follows: 

V .  ( 111.85 )
2 

then 

(111.86) 

W e  assume 

where 

cl, c2, ..., ci a r e  the  contents of a mineral with t h e  magnetic permeabi­

l i t i e s  p1’ P2’ * * * ,  p i  i n  t he  volume V. 

Then Eq. (111.86) assumes t h e  form 

( 111.88) 

For example, i f  plcl p e r t a i n s  t o  a ferromagnetic mineral, whereas t h e  o the r  L136 
terms apply t o  para- and diamagnetic minerals, accordingly, t h e  g rea t e r  t h e  

content of a ferromagnetic mineral i n  a rock, t he  g rea t e r  i s  i ts  magnetic 

permeabi 1i t y. 
Experiments show t h a t  t h e  l i n e a r  deperlaence (111.88) of magnetic permeabi­

l i t y  of a rock on i ts  content o f  ferromagnetic minerals is w e l l  s a t i s f i e d  when 

t h e  magnetite content i s  up t o  60%. With greater magnetite contents t he re  is a 

deviation from t h i s  behavior, a t t r i b u t a b l e  t o  the  inf luence of t h e  l o c a l  magnetic 

f i e l d s  of individual  magnetite g ra ins  on t h e  magnetization of adjacent grains.  

Table 38 gives  some measurement r e s u l t s .  The data  i n  t h e  t a b l e  show t h a t  

only magnetite and py r rho t i t e ,  as w e l l  as the  rock incorporating these minerals, 

have a magnetic permeabili ty d i f f e r e n t  from unity.  
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Magnetic permeabili ty inc reases  and becomes constant i f  t h e  magnetic 

mineral o r  rock are magnetized with sa tu ra t ion  o f  t h e  p a r t i c u l a r  mineral. 

The magnetic permeabili ty o f  rocks i n  which magnetic minerals are in­

corporated inc reases  with an increase i n  the  content o f  t h e  magnetic mineral 

i n  t h e  rock. 

With a temperature increase magnetic induction decreases and accordingly 

t h e r e  is  a decrease i n  t h e  magnetic permeabili ty o f  a ferromagnetic. This can 

be a t t r i b u t e d  t o  t h e  fact t h a t  t h e  magnetic f i e l d  tends t o  set a l l  the  domains 

and magnetic moments o f  atoms i n  t h e  d i r ec t ion  of t h e  magnetic f i e l d ,  but 

thermal motion tends t o  destroy t h i s  order.  

TABLE 38. RELATIVE MAGNETIC 	PERMEABILITY OF SOME MINERALS 
AND ROCKS 

No.  of  Mineral, rock R e 1a tive 
sample magnetic 

permeabili ty 
- - - -._ 

I 
_ _  . 

1 755 
1 Ferruginous q u a r t z i t e  (Olenegorskoye deposi t )  1.05 

2 Magnetite (Dashkesanskoye depos i t )  

3 Pyr rho t i t e  1.027 

4 Spha le r i t e  0 9998 

5 Quartz 1.o001 

6 Dre-free q u a r t z i t e  0.9999 

7 Ferruginous q u a r t z i t e  (Zheleznogorskoye deposi t )  1.00022 

8 Granite 1.ooo 
9 Ferruginous qua r t z i t e ,  calcined (Olenegorskoye deposi t  ) 1.3876 

10 Ferruginous q u a r t z i t e ,  magnetized 1.4417 

A t  some temperature (Curie p o i n t )  t h e  magnetic permeabili ty approaches unity.  

It is i n t e r e s t i n g  t o  note  t h a t  under t h e  influence of t h e  e a r t h ' s  magnetic f i e l d  

ferromagnetic minerals are remagnetized after heating. Iron oxides, such as 

FeO and Fe
2
03' 

are magnetized af ter  heating and t h e i r  magnetic permeability is  a l l 3 7  
increased. They are evident ly  res tored t o  magnetite with a corresponding 

r e s t ruc tu r ing .  With such r e s t ruc tu r ing  the re  is  a considerable increase i n  the  

conductivity of minerals and rocks containing i ron.  
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Thus, by magnetizing a p a r t i c u l a r  rock or mineral it is  possible  t o  

a t t a i n  an increase i n  t h e i r  magnetic permeabili ty (see Table 38, samples Nos. 

9 and l o ) ,  and v i ce  versa, by demagnetization or heating of minerals or rocks 

it is possible  t o  br ing about a decrease i n  t h e i r  magnetic permeability. 

4 .  	 Exa-mTles of &he--Use of t h e  El-ectric and Magnetic 
crgertie-spf Minerals +nd Rocks 

The electric and magnetic p rope r t i e s  of rocks can be successful ly  used i n  

mineral ex t r ac t ion  f o r  obtaining information on t h e  condition o f  t h e  rock m a s s  

and also f o r  modifying the  rock m a s s  f o r  changing t h e  rock p rope r t i e s  i n  t h e  

required direct ion.  

DeterminAngAhe M-ineralg-
Rocks--Us-i--ElectromagGetic waves 

I t  i s  known t h a t  t h e  r e f l e c t i o n  of electromagnetic waves from a discont inui ty  

between two media is dependent on t h e  e l e c t r i c  and magnetic p rope r t i e s  of t hese  

media. The r e f l e c t i o n  coe f f i c i en t  is 

( 111.89) 

where 

p1 and p2 are t h e  wave r e s i s t a n c e s  of t h e  first and second media. 

Since minerals and rocks have a low conductivity, the wave r e s i s t ance  of 

minerals and rocks i s  expressed by the  equation C551 

~­p -I/  f E ,  ( II1 - 90 
E 

where 

p is the wave r e s i s t ance  of  t h e  medium. 

W e  w i l l  assume t h a t  an electromagnetic wave is propagated through t h e  a i r  

(pl = 1) and i s  incident  on a rock m a s s  and is p a r t i a l l y  r e f l e c t e d  from it. In 

t h i s  case the  coe f f i c i en t  is 

(111.91 ) 

where 

p2 is  the wave r e s i s t ance  of t h e  rock. 

The r e f l e c t e d  wave is added t o  t h e  incident  wave. A standing wave is formed L138 
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i n  t h e  air, t h a t  is, i n  t h e  first medium; it i s  character ized by the  standing 

wave r a t i o :  

(111.92) 

where 

"max i s  t h e  wave s t r eng th  a t  t h e  antinode; 

"min 
i s  wave s t r eng th  a t  t h e  node. 

The standing wave r a t i o  r is r e l a t e d  t o  the  r e f l e c t i o n  coe f f i c i en t  

krefl as follows: 

Accordingly, by measuring r it is possible  t o  determine t h e  rock wave 

r e s i s t ance  : 

p 2 = r  -1. (111.94) 

If p2 = 1, which i s  c h a r a c t e r i s t i c  f o r  most rocks, from Eqs. (111.90) and 

(111.91) we obtain 

E 2 = r ,2 
( r 11.95) 

where 

8 
2 

and p2 are t h e  d i e l e c t r i c  and magnetic permeabi l i t ies  of t h e  rock. 

In t h i s  case (with p2 = l), t he  standing wave r a t i o  can be used i n  

determining t h e  d i e l e c t r i c  constant of t h e  rock. 

Assuming t h a t  t h e  wave r e s i s t ance  p1 of  t h e  rock l a y e r  a t  t h e  surface is  

known from the  standing wave r a t i o ,  t h a t  is, from the r e f l e c t e d  wave 

from the  second rock layer ,  it is  possible  t o  determine t h e  wave r e s i s t ance  of 

t h e  second layer.  In  accordance with Eqs. (111.93) and (111.891, we have 

P 1  
P 2 - r  -

If t h e  magnetic permeabili ty of  

d i r e c t  determination can be made of 

second layer :  
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(Ir  I.96 ) 

rocks i n  t h e  second l a y e r  is p = 1, a 

t h e  d i e l e c t r i c  constant f o r  rocks i n  t h e  



In addi t ion t o  t h e  d i e l e c t r i c  constant o f  rocks i n  t h e  mass t h e i r  con­

duc t iv i ty  is a l s o  determined. The conductivity of rocks i n  t h e  complex is 

determined from t h e i r  heating temperature i n  the  f i e l d  o f  an electromagnetic 

wave; t h i s  r equ i r e s  measurement of t h e  rock temperature during a d e f i n i t e  t i m e  

t of i r r a d i a t i o n .  The rock temperature can be used i n  computing conductivity 

a t  a p a r t i c u l a r  frequency: 

where 

W is electromagnetic f i e l d  i n t e n s i t y ,  W; 

a is t h e  coe f f i c i en t  of electromagnetic w a v e  a t tenuat ion,  l / c m ;  
2

S is the  area of a u n i t  surface,  cm . 
It is possible  t o  determine whether t h e  rock i s  a semiconductor o r  a di- L139 

e l e c t r i c  from t h e  rate of rock heating i n  the  electromagnetic wave f i e l d .  

The d i e l e c t r i c  constant and conductivity of t h e  rock a r e  determined by 

remote control.  By knowing these parameters it is  possible  t o  p red ic t  t h e  

thermal and mechanical p rope r t i e s  of t h e  rock. 

A s  is  w e l l  known, t he  conductivity of minerals and rocks changes during 

t h e i r  deformation. By measuring t h e  conductivity of rock i n  some s e c t o r  i n  t h e  

i n t a c t  rock, such as by use of ohmmeters, remote observations of t h e  rock m a s s  

deformations can be made. In  t h i s  case, deformations a r e  determined from t h e  

ca l ib ra t ion  curve showing t h e  dependence of conductivity of a p a r t i c u l a r  rock 

on the  degree of deformation. 

In  order  t o  determine deformation of t he  rock within t h e  m a s s  by t h i s  method 

it is necessary t o  d r i l l  test ho le s  i n  t h e  m a s s ;  t h i s  considerably changes t h e  

p i c t u r e  of deformations i n  t h e  complex. 

The deformation of t h e  rock m a s s  i n  some p a r t  of its volume can be deter­

mined from t h e  absorption o f  electromagnetic energy by t h e  rock, t h a t  is, by 

measuring t h e  i n t e n s i t y  of t he  electromagnetic wave passing through t h e  rock. 

This method f o r  determining rock deformation is con tac t l e s s  and remote. In  

t h i s  case t h e  change i n  t h e  i n t e n s i t y  o f  t h e  electromagnetic wave occurs as a 
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r e s u l t  o f  change i n  rock conductivity during its deformation: 

In  Eq. (111.991, t h e  electromagnetic wave a t t enua t ion  c o e f f i c i e n t  is  

dependent on rock deformation S t ,  a x f ( c t ) .  In radiowave control  Itby 

transil lwninationll  t h e  receiver used is placed on one s i d e  o f  t h e  block and the  

transmitter, emit t ing electric waves propagating i n t o  t h e  block, is placed on 

t h e  opposite s ide.  I n  t h i s  case E
0 

i s  t h e  s t r eng th  o f  t h e  wave enter ing t h e  rock 

and E
0 

exp (--cGx)i s  t h e  s t r eng th  of t h e  wave enter ing t h e  receiver. 

The deformations of an " i n f i n i t e o  m a s s  are determined using waves r e f l e c t e d  

from t h e  block; these are added t o  the d i r e c t  ( i nc iden t )  wave forming a standing 

wave i n  the  block. With a change i n  rock conductivity i n  t h e  deformation process 

t h e  standing wave r a t i o  changes. By measuring the standing wave r a t i o  from the  

c a l i b r a t i o n  curve, rock deformation can be determined. 

During rock deformation t h e  appearance of f r a c t u r e s  can a l s o  be determined. 

Control o f  Rock Strength 

As mentioned above, minerals f o r  t h e  most p a r t  are i o n i c  compounds and the  

charges i n  them are c a r r i e d  by both e l ec t rons  and ions. The ions,  passing 

i n t o  a free state,  impair t h e  c r y s t a l  l a t t i ce  of t h e  mineral and thereby change 

t h e  s t rength of t h e  mineral and rock which form them. L14o 
W e  w i l l  assume t h a t  t h e  s t r eng th  of a p a r t i c u l a r  rock with an i d e a l  crystal 

2
l a t t i c e  is (J 1 cm of cross  sec t ion  o f  t h i s  mineral contains

0 ;  

(111.100) 

where 

a and b are t h e  crystal l a t t i ce  parameters i n  the  p a r t i c u l a r  c ros s  section, 
0 

A. 

W e  w i l l  assume t h a t  i f  several  ions are eliminated i n  t h i s  c ros s  sec t ion  

t h e  rock s t r eng th  is  reduced. W e  w i l l  assume f u r t h e r  t h a t  t h e  s t r eng th  change 

AD is proportional t o  the  e x i s t i n g  s t r eng th  and t h e  decrease AN i n  t h e  number 
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-- 

of ions  i n  t h e  p a r t i c u l a r  c r y s t a l  sect ion,  t h a t  is  

(111.101) 

The minus s ign i n  t h e  parentheses means t h a t  t h e  number o f  p a r t i c l e s  i n  

t h i s  s ec t ion  has  decreased. 

Decreasing t h e  AD value, and d i f f e r e n t i a t i n g  Eq. ( I I I . l O l ) ,  we  obtain t h e  

following d i f f e r e n t i a l  equation: 

aiY=o(-$) (III .102) 

or after separat ion of t h e  va r i ab le s  

(111.103) 

A f t e r  i n t eg ra t ing  Eq. ( I I I . l O 3 ) ,  we obtain 

Ina- lnc  == - -,N (111.104) 

where No 

c i s  t h e  in t eg ra t ion  constant.  

When No = 0 CT = 0
0 

and accordingly 

I n  c = I n  Q
0' 

Then i n  place of Eq. (111.04), we obtain 

N ( 111.105 
I r l a - l I l a o =  

NO 

o r  

A f t e r  involut ion w e  ob ta in  

( 111.107 ) 

In accordance with t h e  Faraday l a w  L141 

k l t  ( 111.108 1N s - .en 
where 

k is t h e  f r a c t i o n  of  t he  i o n i c  current  i n  t h e  p a r t i c u l a r  c rys t a l ,  %; 
I is the  current  passing through t h e  mineral ( c r y s t a l ) ,  a; 

169 




t is t h e  t i m e  of current  passage, sec; 

e is e l ec t ron  charge, coulomb; 

n i s  ian valency. 

Eq. (111.107) assumes t h e  form 

k l t  ( 111.109 1 

Accordingly, under t h e  inf luence of a constant f i e l d  t h e  rock s t rength 

decreases as a r e s u l t  of i on  movement. 

This phenomenon is  a c t u a l l y  experimentally observed C561; f o r  example, with 

an i n i t i a l  compressive s t r eng th  of 600 kg/cm2 t h e  sample s t r eng th  after passage 

of a charge o f  about lo6 coulomb i s  reduced t o  200 kg/cm 2. I n  t h i s  experiment 

t h e  sample temperature w a s  maintained a t  room temperature and t h e  percentage of 

t h e  i o n i c  current  w a s  about 2% of t h e  current  i n  t h e  c i r c u i t .  

W e  note t h a t  with an increase i n  temperature t h e  percentage of t h e  ion ic  

current  i s  increased. In  an e l e c t r i c  f i e l d  among t h e  i o n i c  c r y s t a l s ,  consis t ing 

of two species  of ions, such as galena c rys t a l s ,  i n  general  it is  t h e  ion with 

t h e  lesser radius  which moves. 

If it is assumed t h a t  h a l f  t h e  ions  move, t h e  s t r eng th  i n  t h i s  case should 

be reduced by e times, t h a t  is, by a f a c t o r  of 2.73. 

The rock s t rength can a l s o  increase.  In t h e  real c r y s t a l  l a t t i ce  t h e r e  are 

always vacancies of t h e  same ion. Therefore, i n  order  t o  increase t h e  rock 

s t r eng th  it is necessary t o  f i l l  t h e  vacancies with t h e  p a r t i c u l a r  ion. This 

is accomplished by introducing t h e  necessary ions i n t o  t h e  rock under the  in­

fluence of an applied voltage.  The increase i n  rock s t r e n g t h  is a l s o  described 

by Eq. (111.109). In t h i s  case t h e r e  w i l l  be a p lus  s ign  i n  t h e  parentheses. 

The rock can be strengthened by growing m e t a l  ffwhiskersffi n  it. The growing 

occurs by d i f fus ion  of m e t a l  ions from t h e  electrodes under t h e  influence of 

t he  applied voltage. In t h i s  case the  m e t a l  is se l ec t ed  i n  such a way t h a t  the 

dimensions of i ts ions w i l l  be less than t h e  c r y s t a l  l a t t i ce  constant of t h e  

minerals i n  t h e  p a r t i c u l a r  rock. The s t rength of t h e  m e t a l  flwhiskersfl is 

several orders  of magnitude g r e a t e r  than t h e  s t r eng th  of t h e  m e t a l  from which they 

are formed and the re fo re  t h e  ffwhiskersffgrown i n  t h e  rock considerably increase 

its strength [541. 



Thus, using t h e  i o n i c  conduct ivi ty 'of  minerals and rocks and act ing on 

t h e  rocks with a constant vol tage,  t h e i r  s t r eng th  can be controlled.  

Ionic  conductivity can a l s o  be used f o r  ex t r ac t ing  t h e  useful  component 

from the  rock m a s s  or from t h e  rock m e l t :  when a dc voltage is  applied t o  the  

rock, together  with t h e  charges and masses of ions, t h e  rock components separate  L142 

out a t  t h e  electrodes.  The ex t r ac t ion  or segregation of minerals or rocks 

i n t o  components can be i n  both t h e  s o l i d  and l i q u i d  states. 

The l a w s  con t ro l l i ng  these processes are described by t h e  Faraday electroly­

sis l a w s :  

M = - ' 	A I t  (111.110)
Fm 

where 

M is m a s s ,  tons;  

A is the  atomic weight of an ion, g ;  

F is t h e  Faraday number (F = 96,4961, coulomb; 

m is the  i o n i c  valency. 

In order  t o  reduce t h e  energy input i n  t h e  process it is  necessary t o  

increase t h e  percentage of t h e  i o n i c  current ;  t h i s  r equ i r e s  an increase i n  rock 

temperature. As is w e l l  known, t h e  energy of an electric source is W = I U t ,  and 

therefore  f o r  increasing the  current  t h e  voltage across  t h e  electrodes must be 

reduced. This r equ i r e s  t h a t  t h e  rock r e s i s t ance  between t h e  electrodes be 

reduced. I n  t h e  l as t  analysis ,  onefinds t h a t  it is  more advantageous t o  work 

with a rock m e l t .  Eq. (111.110) i s  used i n  determining the  energy input i n  

separating the  minerals and rocks i n t o  components: 

E = : -
A 

FmU . (111.1111 

Using t h i s  expression, f o r  t he  segregation of galena with a voltage of 

10 V across  t h e  electrodes,  we ob ta in  f o r  lead an energy input of 2,570 kW*hour/ 

ton and for s u l f u r  16,670 kW.hour/ton with the  f r a c t i o n  o f  t h e  i o n i c  current  

being 100%. These f i g u r e s  show t h a t  with respect  t o  energy input it is desir­

ab le  t o  obtain e l e c t r o l y s i s  elements from a m e l t .  
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Determining t h e  Content o f  a Magnetic Mineral i n  a Rock 

I n  t h e  process of extracting minerals and enriching minerals t h e r e  is a 

need for determining t h e  content of  t h e  useful  component. The content of a 

magnetic mineral i n  a nonmagnetic rock can be determined from t h e  magnetic 

permeabili ty of  t h e  p a r t i c u l a r  rock. T h i s  is done by measuring solenoid 

inductance : 

(111.112) 

2H e r e  t h e  quant i ty  4l-rN S/t  = c, l / m  is a constant f o r  t h e  p a r t i c u l a r  sole­

noid, determined by its parameters (N is the  number o f  tu rns ,  S is t h e  tu rn  

cross-sectional area,  1 i s  solenoid length) .  Accordingly, i n  place of Eq. 

(111.112) we can write 

L = cp, (111.313) 

t h a t  is, solenoid inductance i s  dependent on the  magnetic permeabili ty of the  

rock. In turn,  t he  magnetic permeabili ty of a rock i s  dependent on i t s  content 

of magnetic mineral. Thus, by measuring the  inductance of a solenoid with a 

p a r t i c u l a r  rock which contains  an unknown quant i ty  of  magnetic mineral, using 

earlier constructed ca l ib ra t ion  curves it is possible  t o  determine t h e  content 

of magnetic mineral i n  the  rock. The ca l ib ra t ion  curves are constructed from 

t h e  r e s u l t s  of measurements of  t h e  magnetic permeabili ty of samples of  t h e  

p a r t i c u l a r  rock with a known content of magnetic mineral. 

In  order  t o  check the  theo re t i ca l  premises we determined t h e  magnetite 

content i n  ferruginous q u a r t z i t e  and i n  t h e  enrichment products, i n  an o r e  

concentrate and i n  t a i l i n g s .  Inductance w a s  measured with a Maxwell bridge 

or with a Ye12-1 instrument. The ca l ib ra t ion  curves w e r e  constructed from the  

products of an ore-enrichment p l an t  with a known magnetite content. The 

inves t iga t ions  revealed t h a t  i n  t h i s  way it is possible  t o  measure t h e  content 

of magnetic mineral with an e r r o r  t o  a t en th  of a percent;  t h e  measurements 

can be made i n  t h e  f i e l d  and on an ore-concentration p lan t  conveyer. The mea­

surements can be made on rocks with both high and low contents  of magnetic 

mineral [57]. 

H a l l  pickups can be used f o r  t h i s  s a m e  purpose i f  the  magnetic material  

is first magnetized. In  t h i s  case t h e  H a l l  e m f  is dependent on rock magnetic 
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f i e l d  induction. The degree o f  induction is i n  t u r n  dependent on t h e  content 

of magnetic mineral i n  t h e  rock. 

Determining Rock Temperature from 
Its:Conductivi t y  

In  some engineering problems, and a l s o  when inves t iga t ing  some processes, 

t h e  rock temperature m u s t  be determined. For example, t h e  rock temperature 

m u s t  be known when t h e r e  are underground fires; s ince  t h e  rock temperature 

increases  during a fire,  i ts  r e s i s t i v i t y  is accordingly reduced. The decrease 

i n  rock r e s i s t i v i t y  can be used i n  determining t h e  cen te r  of a fire hidden i n  

t h e  rock m a s s .  In  i nves t iga t ing  thermal d r l l l i n g  processes one must m a k e  pre­

cise measurements of rock temperature a t  t h e  t i m e  of its destruct ion;  t h i s  is 

a l s o  done from measurements of rock r e s i s t i v i t y .  

Knowing t h e  parameters A and Q of a p a r t i c u l a r  rock, as well as its 

r e s i s t i v i t y ,  E q .  (111.32) can be used i n  determining rock temperature 

TO= 
2k (In p-

Q 
In A )  * 

(111.114) 

By constructing c a l i b r a t i o n  curves of  the  dependence o f  rock r e s i s t i v i t y  

on temperature and measuring t h e  rock r e s i s t i v i t y  it is possible  t o  determine 

its temperature a t  any moment. 

The dependence of rock r e s i s t i v i t y  on t i m e  can be r e g i s t e r e d  i n  t h e  form of 

an osc'illogram and t h e  t i m e  of onset  of temperature change can be determined; 

a t  any t i m e  t h e  r e s i s t i v i t y  can be used i n  determining rock temperature. Such 

an oscillogram m a k e s  it poss ib l e  t o  trace temporal development of  a process, for 

example, during t h e  course of an underground f i re .  

The same method can be used i n  solving the  inverse problem: determining 

t h e  rock content o f  a f i n e l y  impregnated conducting o r  semiconducting mineral. 

This r equ i r e s  a chemical a n a l y s i s  which involves a great t i m e  expenditure. The L1& 
problem can a l s o  be solved by o the r  methods: i n  a study o f  t h e  absorption of 

electromagnetic w a v e s  of sho r t  length i n  a piece of rock of d e f i n i t e  m a s s ;  

from t h e  heating o f  a piece o f  rock i n  a superhigh-frequency generator o f  con­

s ide rab le  power (more than 200 W). The absorption of electromagnetic energy 

and the  heating of rock i n  a superhigh-frequency f i e l d  i n  both cases are 
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dependent f o r  t he  most p a r t  on t h e  conductivity of t h e  mineral and on its 

content i n  t h e  p a r t i c u l a r  rock. These methods f o r  determining mineral content 

are extremely simple and requi re  l i t t l e  t i m e  (two t o  f i v e  minutes). They ensure 

a high measurement accuracy. 

Electric Method f o r  Heating Rock-. . 

The conductivity of  rocks makes it possible  t o  transform t h e  energy of an 

electromagnetic f i e l d  i n t o  thermal energy and thereby t o  hea t  t h e  rock. The 

p i c tu re  of rock heating is dependent on t h e  electromagnetic f i e l d  heating: 

Joule  heat  is released i n  constant and quasiconstant electromagnetic f i e l d s  

W = gE2t, (111.115) 

whose value is determined by the  r e a l  p a r t  of vector  admittance ( t h a t  is, con­

duc t iv i ty  with a constant f i e l d  s t rength) .  In  a high-frequency electromagnetic 

f i e l d  the  quant i ty  of re leased heat  is increased due t o  a l o s s  of e lectro­

magnetic energy expended on the  o s c i l l a t i o n  of ions, t h a t  is, due t o  an increase 

i n  t h e  imaginary p a r t  of conductivity,  o r  i t s  equivalent,  an increase i n  rock 

vector  admittance with a frequency increase.  The quant i ty  of  re leased heat,  

computed using the  formula 

W =WE' tg 6E2t, (111.116) 

i s  equivalent t o  the, quant i ty  of  heat  determined using Eq. (111.115). Sub­

s t i t u t i n g  the  tan 6 = g /m*  value i n t o  Eq. (111.116), w e  ob ta in  Eq. (111.115). 

In t h i s  case g represents  t h e  rock vector admittance, a funct ion of e lectro­

magnetic f i e l d  frequency. 

A frequenc.17 increase therefore  leads  t o  an i n t e n s i f i c a t i o n  of rock heating, 

but  t h e  re f lec ted  wave carries o f f  p a r t  of  the  energy, creates radio in te r fe rence  

and has  a harmful effect on t h e  hea l th  of  workers. 

The amplitude o f  t h e  r e f l ec t ed  wave is  dependent on t h e  d i e l e c t r i c  constant 

and magnetic permeability. The r e f l ec t ion  coe f f i c i en t  is  determined from the  

expression 

(111.117) 
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where 

pl and el are magnetic permeabili ty and t h e  d i e l e c t r i c  constant of t h e  

medium from which t h e  electromagnetic wave is exposed t o  t h e  

rock. 

With an increase i n  rock temperature the re  is  an increase i n  its d i e l e c t r i c  

constant and a decrease i n  magnetic permeability. Accordingly, there is an 

increase i n  t h e  r e f l e c t i o n  coe f f i c i en t ,  t h a t  is, with an increase i n  rock t e m p ­

erature an increasingly s m a l l e r  p a r t  of t h e  electromagnetic energy e n t e r s  it. 

The d i s t r i b u t i o n  of electromagnetic energy i n  the rock m a s s  is described by t h e  

expression 
tTV =gSE: zae-'=', (111.118) 

where 

S is t h e  surface through which t h e  electromagnetic wave e n t e r s  t h e  rock; 

a is t h e  electromagnetic wave at tenuat ion coe f f i c i en t ,  being a function 

of f i e l d  frequency and t h e  e l e c t r i c  c h a r a c t e r i s t i c s  a = f ( g ,  e, p, W);  

I is the dis tance from t h e  rock surface t o  the observation point.  

When t h e  rock is  heated g and a increase; accordingly, t h e  energy o f  t h e  

electromagnetic wave, having an exponential d i s t r i b u t i o n  i n  t h e  d i r ec t ion  of 

wave movement, is concentrated i n  an increasingly lesser rock volume which is  

in t ens ive ly  heated. Using a high-frequency f i e l d  it is possible  t o  heat  a 

considerable rock volume a t  the  same t i m e .  This heating is not dependent on 

rock heat conductivity and occurs r a t h e r  rapidly.  However, t h e  e f f ec t iveness  

of high-frequency f i e l d s  is manifested under conditions corresponding t o  t h e  

p a r t i c u l a r  frequency. 

E l e c t r i c  heating of a rock is used f o r  t h e  electrothermal destruct ion of 

rocks, weakening t h e i r  s t rength,  thawing permafrost, and i n  o the r  cases. 

During t h e  electrothermal destruct ion of rocks a s m a l l  p a r t  o f  t h e  rock 

m a s s  or p r o f i l e  is heated t o  an average temperature of 600-700°c. The heated 

p a r t  o f  the rock expands and mechanical stresses appear i n  it; a t  some po in t s  

these exceed the  t e n s i l e  s t r eng th  of t h e  rock and it is destroyed. Since i n  

t h i s  case t h e  rock destruct ion occurs due t o  d i l a t a t i o n a l  stresses, t h e  energy 

expenditures on destruct ion are small (up t o  3 t o  5 kW-hour/m3). The e f f ec t iveness  
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of such destruct ion is determined by t h e  combination of  mechanical, thermal and 

electric proper t ies  of t h e  rock, i n  t h i s  case being a funct ion of  temperature. 

Rock s t rength  is weakened by means of thermomechanical stresses produced 

during t h e  loca l  heating of  rock and a l so  due to t h e  d i f fe rence  i n  t h e  physical 

p rope r t i e s  of t he  minerals forming t h e  rock. 
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APPENDIX 1 

PETROGRAPHIC DESCRIPTION OF ROCKS 

I
Deposit  Rock 
~~ 

Quartz i t  e depo sit B l u i  sh- g r ay 
of Pervoural I skoye q u a r t z i t e ;  
Dinas (refractory y = 2.62 g/cm 3 ,
brick)  P l a n t  

' P = 0.0% 

Porous r f e r r o g i n o u s  
q u a r t  z i t  e. 

y = 2.24 g/cm 3 , 
P = 20% 

01enegorskoye Gneiss 
iron-ore y = 2.8 g/cm 3 ,
d e p o s i t  P = 0.8% 

I F e r r u g i n o u s  
q u a r t z i t e .  

: y  = 3.44 g/cm 3 , 
\ P = 2.6% 

' Ore-free 
quar t  z i t  e 

3 
y = 3.07 g/cm ,I P = 1.3% 

P e g m a t i t e  

y 	 = 2.62 g/cm 3 , 
P = 2.3% 

4, 


Yineralogical  and chemical composition, 96 S t r u c t u r e  

S i 0 2  A1203 Fe 0 - v i
2 3  

FeO , MgO , Others  Fo l i a t ed  s t ruc tu re  
I 

98 -72 0.53 0.46 0.08 i 0.14 0.15 

97 26 1.05 0.96 0.28 0.18 

P lag ioc la se  53.73, zo i s i t e  30.97, 
b i o t i t e  14.56, q u a r t z  0.54, zircon 0.20. 

Quartz 38.92, o r e  53.58, pyroxene 3.05, 
amphibole 2.05, b i o t i t e  1.32, microcline­
a p a t i t e  1.08. 

Quartz 74.24, o re  16.32, pyroxene 5.06, 
c a l c i t e  2.38, b i o t i t e  1.95, 
a p a t i t e  0.05. 

P lag ioc la se  53.07, microc l ine  28.43 
qua r t z  10.35, muscovite 5.43, pyroxene -
g a r n e t  - c h l o r i t e  - carbonate - epidote 2.3, 
a p a t i t e  -sphene- tourmaline 0.35. 

granoblast ic  
texture .  

Gneissose s t ruc ture ,  
granular- f 1aky 
s t ruc tu re  . 
Fine-banded 
s t ruc tu re ,  
granular t ex tu re  . 

Fine-banded 
s t r u c t u r e ,  
equ igranul ar texture .  

Uneven coarse-
grained texture .  



m e ; &  

W 
Deposi t  Rock Mineralogical and chemical composition, % S t r u c t u r e  

Shartashskoye 1 G r a n i t e  1 Plagioclase 55, po ta s s i c  fe ldspar  15.5, I Medium-grained 
g r a n i t e  Y = 2.64 s / - - ~I quar tz  23.6, b i o t i t e  5.9. 1 texture:  
deposi t  P = -.,a% 

/ GI11 ,II -

I - I
1 Grani te  ! Plag ioc la se  51, qua r t z  24, microcline 18.87-1 Fine-grained

1 v = 2.64 a/cm3.1 i o t i t e  6, accessory 0.2. 1 texture .  
-. 

) I P = O %  Si02 T i 0 2  A 1  0 Fe 0 F e O  MnO MgO CaO K20 N a 2 0
2 3  2 3  

I 

69.5 0.43 16.6 0.85 1.15 0.04 0.98 2.3 3.0  4.6 
70.0 0.26 17.0 0.7 1.0 0.03 0.45 2.05 2.72 5.0 

I 

Smo1inskoye I Granodior i te  Acidic plagioclase 55, quartz 18, Coarse-grained 
g r a n i t e  y = 2.74 g/cm 3 , potassic feldspar  6.7, dark-colored 19.8. texture.  
d e p o s i t  P = 0.7% 

Gneissous Quartz 28.5, potassic  fe ldspar  32.5, Gnei ssous s t r u c t u r e  , 
g r a n i t e  plagioclase 34, b i o t i t e  5. granoblast ic  tex ture .  

I 
= 2.62 g/cm3 iI si02 

T i 0 2  A 1  0 Fe 0 F e O  MnO MgO CaO K20 Na20 I 
P = 0.8% 2 3  2 3  

61.6 0.54 17.32 2.01 2.9 0.07 4.9 4.5 2.2 3.7 
. 73.3 0.26 15.48 0.48 0.94 0.05 0.4 1.3 4.3 3.6 

Rovnen skoye  Granite Plagioclase Quartz Microcline B i o t i t e ,  [ Fine-grained
g r a n i t e  y = 2.68 g/cm ch lo r i t e ,  texture .  
depos i t  P = 0.6% 3 1  

etc. 

I 39-68 28.25 28.8 9-27 

Granite 
Y = 2.69 g/cm 3 , 50.57 22.75 16.26 10.42 Fine-grained 

tex ture .  
P = 0.6% 



Appendix 1, conth u e d  

Deposit 11 Rock Mineralogical and chemical 

Rovnenskoye ’ Granite 39.41 25.23 
granite y = 2.68 g/cm 3 , 
deposit P = 0.4% 

Zhdanovskoye Granite 
deposit y 	 = 3.1i g/cm 3 , 

P = 1.0% 

Mineralized 
serpent i n i  zed 
peridot it e 

y 	 = 3.08 g/cm 3 
P = 0.7% 

Mineralized 
serpentinized 
per idot i te  

y 	 = 2.92 g/cm 3 
P = 0.7% 

Bakal I skoye Microquartz i t  e Si02 98. 
deposit y 	 = 2.60 g/cm 3 

P = 0.0% 

I 

composition, % Structure 

23.29 12.09 Coarse-grained 

p o i k i l i t i c  
texture. 

~~ 

Equigranular  
tex ture  

Do1omit e Magnetite 1.05, carbonate 94.7, quartz 3.3. Massive structure,  

y = 2.8 g/cm 3 , granular textu re. 
P = 0.7% 



Appendix 1, cont i n u e d  

o Deposit Rock Mineralogical and chemical composition, % S t r u c t u r e  

Diabase 

y = 2.65 g/cm , 


P = 1.0% 

Shale 
= 2.72 g/cm 3 , 
P = 1.1%. 

quar t  zit e 

y = 3.53 g/cm , 

Semioxidized 
f e r rug inous  
quart  z i t  e 

3 
y = 3.534 d c m  

P = 18% 

O x i  d i  zed 
ferruginous 
q u a r t  z i t  e. 

3 
y = 3.8 g/cm ,

P = 28% 

Mart it e-magne­
t i t e  f e r rug inou  
quartzi te  
( semioxidized)

3
Y = 3.58 g/cm

P = 34%. 

P l a g i o c l a s e  43.67, pyroxene 21.12, horneblende 
17.31 b i o t i t e  4.57, o l i v i n e  8.67. 

C h l o r i t e  35.4, t a l c  14.86, carbonate 27.7, 
qua r t z  18.8. 

1 

Quartz 24, hematite 45, magnet i te  15, 
carbonate 2, p y r i t e  13. 

Quartzite 25 - 28, brown i ron  hydroxides 70 - 72, 
carbonate 2 - 3 .  

Massive s t ructure ,  
diabasic texture.  

Porphyroblastic 
texture. 

s t r u c t u r e ,  
granular  texture. 

Banded s t r u c t u r e ,  
i r r e g u l a r  granular  
t extu r e  . 

YuGOK qua r ry  
(horizon a m )  

Mikhaylovskoye 
depos i t  o f  
t he  Kursk 
Magnetic 
Anomaly 

Lebedinskoye 
d e p o s i t  
of Kursk  
Magnetic 
Anomaly 

, 

s 

Quartz 38.1, magnetite 25, hematite 24.77, 1 Banded s t ruc tu re ,  
geo th i t ehydrogoe th i t e  2.86, p y r i t e  0.04, granular  t ex tu re  . 
carbonate 2.16, kao l in i t e  3 .83. 



Appendix 1, cont inued 
~~ ~ 

Deposit  
~~ 

Lebedinskoye Amphibole-
d e p o s i t  magnet ite 
of Kursk f e r r u g i n o u s  
Magnetic q u a r t z i t  e 
Anomaly (unoxidized)  . 

P. 


y = 3.6 g/cm’, 
P = 13% 

‘7 

Mineralogical  and chemical composition, % !I S t r u c t u r e  

Magnetite 32.9, q u a r t z  31.8, cummingtonite 12.6, Same 
ca rbona te  5.1, k a o l i n i t e  3.2, muscovite 0.78. 



-- 

APPENDIX 2 

INDICES OF THERMAL PROPERTIES OF ROCKS AS A FUNCTION OF TEMPERATURE 
Y 

03 
tu es ( ' Thermal Pro1 zrties of Rock 

~Rock 
50 100 I 1 5 0  1 "00 2.50 1 3 0 0  1 350 

I I 

Medium and f ine -g ra ined  g r a n i t e  1
I 

R .  10-31 
I 

5.36 4.43 X7.i 3.16 1.76 2.68 I 2,58 1 2.48 

I I I I I 
I 

(Rovnenskoye d e p o s i t )  2, 2, 1-5 2.05 1.87 1 1,75 1 l,ii!l .I,(i> 1,C2 l , ( j  
c 0,401 0,4C4 0.6 0.5.3 0,iiIt) , 0.63 O.(i4fi 0,674 0.7 - - - ­- ­10-5 1.03 : 1,35 I,.; l , G  l,7.; 2,1 2,fj 2.7 3;l 3 . 3  , 4.1 

Coarse-grained g r a n i t e  E .  105 G,G 	 5,G 3,2 3,0 ' 2.75 2 , 5 5  2,22 2,13 2.0 1,9 ' 1,; 
3,s 3.25 I 3,O 2.48 2.41 2.31 2,2(i 2.16 2.0ii - - - ­
1.82 1.62 1,59 I 1.52 1.49 1.48 1.47 1,4i I,& - - - ­
0.47 0.5 0.53 0.615 0619 0,64 0.65 0,675 0.706 - - - ' ­- - 0;7 0;'J 1,2 , 1,4 1,li 1.02 2 3  2,s 3,4 I 5.2 l:,:.j 

Gray g r a n i t e  
9,38 8.75 6,20 5,2 4.15 3,55 3,1 2,19 1,87 1 ,5 j  1,2 . 0,73 0,G 
5,0 3.65 ' 3.28 2.9 2,8 2,68 2,61 2.51 2,33 - - - ­
(Rovnenskoye d e p o s i t )  2.25 1.53 1;73 1175 1.7 l,67 1.665 1.M 1.6 - - - ­

0,45 0.507 0 534 O.GO4 0,GOS 0,625 0.639 O.GG2 O,G8 - - - ­

- - 0:95 1.1 1.35 l , 6  1,75 1,G 2,O.i 2,43 ~ , K I ,3 , i f i .  4.0 

6,8 F,5 5,7 5,2 4,35 3,65 2,95 2.G.j 2,25 1,s 1,45 1.18 , 1.1 
Medium-grained g r a n i t e  2,12 1.8 1.47 1,3 1-23 1,2 1.17 1,111 1,18 - - - ­


0% 0.9 0.82 0.78 0.762 0,756 0,75 0,748 0,745 - - - ­
(Shar tashskoye  d e p o s i t )  0.46 0 5  0,556 O.(ir)l 0,618 0,029 0,642 0,675 0692 - , - - ­
- - 0.8 0.03 1,0 1.3 1.3 1,i.i 1.89 2.15 2.35 3.U ' 4.U 
1,G5 1,45 1,23 , 1.0 0.11Microquar t  z i t e  

3,15 3,0 2,75 2,(5 2.4 2,3 2,1 I,% 
2 3  2,37 ­

(Bakal skoye d e p o s i t  1,75 1,7 -
U.li85 0 719 - - _ 

1,7 I,!), 2 , 1  .-LU S..i , 4,.;
6,s , 612 6115 5,s 5-2 4,s 3,0 2,; , 3,o

Do lomi t e 
(Bakal ' skoye  d e p o s i t )  

4,51 4.34 3,83 3,82 3,x 3 3 7  3,23 - - j 
-

I 
Do lomi t e 2,73 2 A j  _ [ _ I _  

0.70(Bakal skoye d e p o s i t )  	 0.7(i5 I 23-1 - l - l - ­2.7 
15.105 4,15 l,!l5 .I.S

Pegmat i te  
(Olenegorskoye d e p o s i t )  

r r .  10-3 6.27 3,s: ' 2,:9 
ii. 	 3,27 1.71 l.(if i  1.7 
c 0,.52 

p . I O - 6  -
Gabbro E .  105 4,i  

(Zhdanovskoye d e p o s i t )  R .	10-3 4..52 2,71 2.56 2.48 2,3'i 2,27 2,13 2,07 
h 2,8 1.9 I 89 .I .8(i 1 s i  1.82 1.81 1.8 
c 0.(2

p.10-5 -
E .  105 10.2 



- -  

- -  

- -  

Appendix 2, continued -
Rock Indices of Thermal Properties of Rocks at Temperature, 'C 


Rock 	 Icon-
18 1 50 I 1UU 1 i>fl I "00 I 

I 
250 3011 1 3 > 0  4 0 0  j 450 1 > O O  LYiIJ >'is C U Oistank/ I 1 4 

Mineralized serpentinized 3.27 3,13 2,74
2 , s  2.5 2.3peridotite 0,38 0.8 0.84 
OJi5 0168 0,7 
5,3 5.33 5,3 
2,76 2Ai.i 2.44 

Diabase 1,78 1.7.; 1.7 
(Bakalfskoyedeposit) O,ti45 

1.15 
3,9 

Shale 
(Bakal skoye deposit) 

n 10-3 
h 
c 

8.5 ii,% 
4.2 3,9 
0,495 0,57 

4 .G2 
3,:1 
0,7i 

4*45 
3,23 
0,73 

4,21 
3 2  
0,76 

p .  10-5 1.1 1.15 1,2 
E.106 4,2 4,18 4,09 4,05 4.0 

Ferruginous quartzite U .  10-3 7,4 6.85 4,55 
1. 4,03 3,9 3,75

I t o  stratification c ' 0,545 0,57 0,823 
i p.10-5 - - 0*q 105 1 1;2

(Olenegorskoye deposit) j E .  1oj 5,0 4.7 2,4 2,15 j 1,75 

Ferruginous quartzite i;,.54 G,iYl ,-1,1i 4.7') 4.71 4.53 
11 to stratification 4.17 4.14 4.u 3.93 :{,!I4 3 , ! G

0.64 0.1;s 0,715 0.82 (J.8:Ui 0.8l;- 1,s 1.3 1,iiY 1.75 2.0 
5,45 5.1 47.5 3,3 3.0 2 , U  

Serpentinized peridotite a .  10-3 3.0 3.59 	 3.27 3.0 2.8 2.27 2.19 2.14 
2,2 2.1 2.05 1.84 1 3 5  I.% 
0.673 0.7 0,7:j 0.81 0.845 0.867
0.4.5 0.47 0.49 0,55 OJ3 0.05 
9,45 9,2 8,s 7,75 7 3  7.2 

Ferruginous quartzite 2.72 2.67 2 , X  2.3C 2,2G 2.18 
1.25 1.24 1,23 1,215 1,21 1.2(Pervourallskoye deposit) 0,46 0,465 0.45 0.515 0.535 035 - _- 0.9 1.2 1,2G 1.3 ' 1.27 1.4 .I42 
2.X 2,75 2.75 2,Gl 2,25 2.0 
4.07 3.73 3,5> 3,04 2,97 P.SGOre-free quartzite 

~ h 2.115 2.1; 2,s 2,45 z./t:32 2.37 2,375 2,371
I t 0  stratification c 0,523 0,536 0,61 0 , G  0,705 0.78 0.8 0.83 
(Olenegorskoye deposit) 	 p.10-5 - l,o , 1.2 1,fG 2.0 2.b 3.2 3.9

E .  105 8.5 735 7,75 7,13 5 , i 2  4,2 4.0 3.1 2.8 2.5 
4 3 4  4.37 3.84 3,fi 3,44Ore-free quartzite 2% 2,Yi , 2.8 , 2.79 2.75

11 to stratification OJi.15 0.7ti 0.7ii3 0,78 0.8 - I,%< 1.72 2, l  2,s
8,5 5.73 5.31 5.15 4,85 



2.34 2.25 

- -  

- - -  
- -  

Gneiss L t o  stratification 
2,71 "5 1.8G 1,8f;5 2;lS 2,115

(Olenegorskoye deposit) I,!)1,87 1.s5 1.84 
0,7 0,75 0,795 0,S3 0.85 0.11 

p.10-5 i  - 0,75 1,0 1,25 1 5  1.8 2 , l  
E .  105 5.7ti 4 8  I 3,8 3.4 , 2,!) 2,s 2,1 

Gneiss 1 )  to stratification a .  10-3 4.82 4,12 3,64 3.11 3.0 2.76 2,5!! 2.55 
1. 2.48 2.39 2.36 2.28 I2.23 2.2 2,15 2.18 
c 0,513 0.552 O,(i6(i 0.i95 0,83 0.854 

p .  10-5 - -
I 
_ 1,s , ,l.95 2,15 

E . 105 I; ,( ;  6.5 G.4 3,6 3.5 

Fine-grained granite 1 .1n-3 ' .1.8n 1.84 I '1.40 1.07 1.01 

(Shartashskoye deposit) 
: 1, j 0,786 0.7.56 0.7.; 0 .N (1.66 

c : 0,415 0,4fi2 1 0,503 0,028 , 0.6.5 
p .  10-5 - 1.35 1 1.4 
E .  105 4,2 4.1 4.0 3.0 ~ 2,85 

Granodiorite 
, a .  10-3 3,13 2,76 2.37 ' l.!M j 1.8 ' 1.74 1.76 . 1.7 1.65 1.61 - - i ­
' 11.~5'1 .46  ' 1 . 3 3  1.21 1.17 1. l7 1.2 1,2 1.108.1,19 

I(Smolinskoye deposit) I c ~ 0.48 ' 0.53 0.5? , 0.61 ! 0.03 0.Iii2 0 . W  0.706 0.725 0.i4 
'.i5 
- ' 3.0 ' 3.4p . 1 0 - 5 : - - - - 1 3 5  1.45 '1,54 1,72 1.55 2 , l

E '  106 3,9 1 3.89 1 3.83 1 3 , X  3.M I 3.45 3,3 3,O 2,s 2,G 2,2 2.0 1.8 
Granite gneiss a .  10-3 ' 8,9 5.85 5.62 ' :?.o 4.22 4.54 3.98, 3,91 3.78 3.66 - - - ­

(Smolinskoye deposit) 	 , h , 2.9 2.9 2.97 ' 2 8 1  2.6 2.83 2.0 2.0 2.5s 2.55 - - - ! -
I c ' 0.419 j 0.404 0.53 j 0.502 0.61" 0,623 0,654, 0,665 0,683 O.ti98 - -. - ­
, p.10-5 - - - , I-.-n 2,02 1.0 , 1.1 ' 1.3 1.4 : 1.5 1.7 2 3  2.7 3.1: 
, E - IOj  4.6 4,58 4.55 '1.45 i.15 4.1 1 3 , 8  ' 3 , 0  , 3 . 3 5  ' 3 . 1  2.75 ' 2.6 ' 2 . 2 5 ' 2 . 1  

Quartzite 4.92 4.07 3.82 333 3 3 7  i 3.06 3.05 ' 3.i4 ~ 2,92 - - ' ­
2.65 2.45 2.2 , 2,16 2,14 2.1 2,02 , 2,00 , 2,18 2.1 - 1-11 ­

(Pervoural'skoye deposit) 0,47 0.5 0.54 , 0.565 3 , m  0.625 0.6fi2 0,675 0.G95 ~ 0,72 -. - ! - ­- - _ - 1.35 1,51 1.75 1.9 2.1 I
I 

2.3 2.5 3:l i 3.;. . 

6-7 G,G8 6.65 1 6,28 0,15 5,9 516 5,35 5,15 4.75 
Martite-magnetite ferruginous 1.63 1.7 1,52 1,10 1.2 1.04 0,89 0,79 0.81 1.14 

semioxidized quartzite 11 to 0,894 0,962 0.95 I 1,036 0.89 0.782 0,714 0.63 O.67G ' 1.005 
0.548 0,564 0,622 1 0,673 0,738 0.752 0,801 0,822 0.535 0.878

stratification (Lebedinskiy - - 0.88 I 0.90 0.96 1,OG 1.63 1.ns 2,21 ' 2.33 
quarry, Kursk Magnetic Anoma .535 - 6.4'1 ~ (j,: 6,02 6,44 ti,o:! 5.78 5,fj , 5 , 2  

Same, 1to stratification 	 2.02 1$5 1,75 1 1,08' 
1./I 1.37 

1,l 1,1 1.1 1,032 ,1,032 
0.544 O,%5 0,623 0,671 0.74c 0.754 - - 1.12 0,97 0.91 1.42 
1,c, - 1,71 , 1,73 1,72 1,GO 

I 

4.0 



- -  
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Appendix 2, continued 


Rock 1ndices.ofThermal Properties of Rocks at Temperature, O C  

Rock con- is I so I i o 0  1 i i o  i zou 2 5 0  1 :ion 1 3 5 0  I 4 0 0  I 450 I 500 j 55u j 57; - 1  I i i l l J  
stants 
.-

Amphibole-magnetite ( 1  . ;.10-3 , i , i4
ferruginousunoxidized 3,318
quartzite 11 to stratificationp. ­cIo-5 0,58 . .. 

3.84 9-4 !!,2
(Lebedinskiy quarry, E .  105 7.13 3.79 2.91 2.39 

-Kursk Magnetic Anomaly) 
" .  io-s 2 3  3,07 , I.S!? 1.7 I . 0  1.5 1.42 1.35 1.3 1.23 . 1.18 1,l.j i,g2 1.11 

Same, 1 to stratification 	 h 1.31 1.2% 1,266 1.26 1.254 1.23 1.218 1.187 1,174 1.136 ~ 1.112 1,lUl .1.10:1 1.211 
C 0.58 0,625 0.663 0,744 0.785 0.892 0.815 0,882 0,902 0.922 0,945 0.963 0,087 0.!199 

p .  10-5 - - 0.95 1,11 1.11 1,22 1.34 1.77 I,%2.8-1 2.67 3.18 7,29 4.15
E .  105 4.69 - 5 3  5,3G 5.18 5,08 I 4.97 4 3 4  4.8 4.52 4,37 3.89 3,02 2,89 

-Oxidized ferruginous quartzite n .  10-3 3.9 I 2.57 - 2.1 - 1.8 Cracked - - ­
1to stratification h 2.03 - ' I , i G  - 1.7 - 1.63 - - - _ _ 

-C 0.52 0.685 - 0.81 - 0,304 - _ _ _ _ 
(Mikhaylovskiy quarry, p .  10-5 - l,E - 1.7 - - 224 - 6.3 I2,O 6.0-Kursk Magnetic Anomaly) E*1O5 3,n 4.2 - 3.3 - 3.6 3.0 - 2,4 - 1,2 1.4 

Same, I t  to stratification a . 10-3 3.53 - 2.12 Cracked 
A ' 1.87 - 1.46 1.36i ­

-C 0.53 - 0,69 0.700
1:. 10-5 - 1.05 1.52 
E .  105 7.5 - 8.2 8,4 8.3 , -

Semioxidized ferruginous 0 .10 -3  LE 	 1.33 ~ 1.2 , 1,07
l ,o ! 0$4 0.875 
0.75*5 0.785 0,855 0.868 - - 1 ­

(Mikhaylovskiy quarry, p.  1u-G - - - 1.12 1.36 I 1,G 1.7 
Kursk Magnetic Anomaly) ,' E .  105 1 6,8 1 G,65 1 613 1 (i;2 4,9 .4,6- i 5 2  , 56 1 7.'J2.5 

Note: The data given in the appendix have the following measurement units: -1 

a - m2/hour; c - Cal/mg-degree;E - kg/cm2; A - Cal/m*hour-degree; - degree . 



APPENDIX 3 

THERMAL EFFECTS OF SOME ROCKS AND MINERALS 

Rock, mineral 

Aragonite 

Anhydrite 

Anorthite 

Aluminum 

Albite  

Azurite 

Arsenopyrite 

Bauxite (mixture of 


k a o l i n i t e  and diaspore) 
Beryl 
B i o t i t e  
Bromine 
B a r i t e  
Barium 
Hydrohemat it e 

Hydromuscovit e 
(mica group) 

G 1auconit e 
( m i c a  group) 

H e m a t  ite 
H a l i t e  
Galena 

Gypsum 


Diopside 

Dolomit e 

Serpentine 

Serpentine (second type) 


Iodine 

Calc i t e  


Kaolini te  

C a s s i t e r i t e  

Corundum 

Quartz 


C35, 371 

Temperature 
of e f f e c t ,  OC 

450 
900 

1450 
1500-1550 

660 
1100-1250 

200 
675 

285-310 
1420 
1100 
58.6 
1580 
710 

120-140 
340 

140-180 
600-650 
1100 

130-170 

550-600 
1390 
800 

1130 
110-120 
170-190 

360 
730-740 

1391 
900 

130-170 
650-730 

900 
113-5  
1025 

1 550-600 
960 

1625 
2050 f 10 

1470 

. . .. .  

Nature of effect 
- -~ .. . . .  

Monotrop ic  transformation 

Dissociat ion (44%) 

Fusion 

Same 

Same 

Same 

Decomposit ion 

Volat iza t  ion  


Dehydration 

Fusion 

Lat t i ce  breakdown 

Boiling 

Fusion 

Same 

Dehydration 


I 1  


11 

Fusion 
Same 
Fusion 
Dehydration (15.8%) 
Same 
L a t t i c e  r e s t ruc tu r ing  
Disintegrat ion of dolomite 
Fusion 
Dissociation 
Dehydration 
Same 
Dissociation 
Fusion 
Same 
Dehydrat ion 
L a t t i c e  r e s t ruc tu r ing  
Fusion 
Same 
Fusion 
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Appendix 3 ,  continued 

Rock, mineral 


Cerargyrite 

Cove11ite 

Carnallite 

Cinnabar 

Magnesite 

Muscovite 


Magnetite 

Manganese 

Molybdite 

Magnesium 

Malachite 

Arsenic 

Nepheline 

01ivine 

Orthoclase 

Pyrite 

P1agioclase 

Sopiolite (talc group) 


Antimony 


Siderite 


Sphalerite 

Smithsonite 

Sulphur 

Selenium 

Sylvite 

Sylvite 

Zircon 

Zinc 

Cerussite 

Chalcocite 

Chrysoberyl 

Chlorapatite 

Fluorite 

Phosphorus 

Fluorapatite 


Temperature 

of effect, "C 


455 * 5 
501 + 10 
125 

1450 


373-540 

125 


450-650 

850-900 

1590 

1254 

795 f 2 

659 

200 

604 

1526 

1208 


1170 f 10 

1200 


1	100-1550 

130-150 

800-850 

413 

630.5 

1640 

350-450 

1000 

1020 +- 10 
296 

96.5 

217.4 

770 

800-840 

2430 3z 20 

419 

285 


1110 3z 20 

1820 

1580 

1392 

280.5 

1660 


Nature of effect 


Same 

Dissociation 

Fusion 

Same 

Dissociation 

Loss of hygroscopic water 

L o s s  of constitution water 

Lattice destruction 

Fusion 

Same 

Fusion 

Same 

Decomposition 

Volatization 

Fusion 

Same 


I I  

I I  

II 

L o s s  of adsorption water 

L o s s  of constitution water 

Transition 

Fusion 

Boiling 

Dissociation 


Fusion 

Dissociation 

Fusion 

Same 

Same 

Decomposition 

Fusion 

Same 

Dissociation 

Fusion 

Same 

Fusion 

Same 

Boiling 

Fusion 
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Compound Mineral 

A1203 Corundum 

Au Gold 


BaCO3 W i t  h e r i t  e 


BaSO4 B a r i t e  


C a A l  S i  0 Anorthite 
2 2 1  

CaCO Calc i te 
3 

C a F e 2  F l u o r i t e  


CaS04 Anhydrite 


cu Copper 


CUO Tenorit e 


cu20 Cuprite 


cu2s Chalcocit e 


Fe Iron 


Fe 0 Magnetite

3 4  


Fe 0 Hematite

2 3  


H2° I ce  


KC1 S y l v i t e  


KNO
3 

N i t e r  

NaCl H a l i t e  

NaAlSi 0 Albi te 

3 8  


PbS Galena 


S Sul fur  
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APPENDIX 4 
HEAT OF POLYMORPHIC TRANSFORMATIONS AND FUSION 

OF PRINCIPAL ROCK-FORMING MINERALS [35] 
. . .  - .  . . - . . . . - .-... . 

1-1 


Phase change 

Y + C Y  


Sol id  + l i q u i d  


Sol id  + l i q u i d  

c u + B  
Sol id  + l i q u i d  

Sol id  + l i q u i d  

+ Aragonite 

Sol id  + l i q u i d  

Sol id  + l i q u i d  

Sol id  + l i q u i d  

Sol id  -+ l i q u i d  

Sol id  -+ l i q u i d  

c u + P  
c u + P  
P + Y  
Y + f i  
Sol id  -+ l i q u i d  

Curie point 

Amorphous -+ cy 

Solid + l i q u i d  

Sol id  -t l i q u i d  

f f + $  


Solid -+ l i q u i d  

Sol id  + l i q u i d  

Sol id  + l i q u i d  

Sol id  + l i q u i d  

Temperature 
OC 

20 


2045 


1063 

810 


1350 


1550 


1392 


1297 


1084 


1447 


1230 


103 


755 


903 

1401 


1530 


576 


33 

0 

770 

128 


338 

80 


1105 


1114 


Rhombic-, monocline 95 

Microcline -+ l i q u i d  119.6 


Liquid + viscous 160 


. - .ic_. ­._ _  

Ah, J/degree 
- .~~ ­

0.41 

1070 

5 + 4  

97.5 
174 

440 


-21 

220 


201 


200 


148 


391 


35.2 

No da ta  

16.36 

78.6 

279 


Vo da ta  

341 


32 


360 

58.5 

117.5 

530 

203 


73 

.1 + 1 


38.5 
11.5 

I 
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Appendix 4 ,  continued 
~- . - ~. .. 

Compound Mineral 
- . . .  - ..- .. ~ 

Sb S
2 3  

Si02 S t i b n i t e  

T i 0 2  R u t i l e  


ZnS Sphaler i te 
I 


Phase change 1TempZEature, Ah, J/degree 

546 123 
575 14.6 

250 1, 3, 2 

77 -117 
1470 244 

1713 142 

1825 597 
1645 391 

Sol id  + l i q u i d  
&-quartz -I8-quartz 

a-cristobali te + 
8-cr i s toba l i te  

8 - c r i s t o b a l i t e  + 
D-quart z 

Quartz + l i q u i d  
C r i s t o b a l i t e  + l i q u i d  

Sol id  + l i q u i d  
S o l i d  + l i q u i d  

APPENDIX 5 

DENSITY 
. ­__ 

Mineral,  rock 

Diabase 


B a s a l t  


D i o r i t e  


P l a g i o c l a s e  


Copper 


Pure  i r o n  


Common s a l t  


S y l v i t e  


Akermani t e 


Diops ide  


OF MINERALS AND ROCKS AT H I G H  TEMPERATURE [35] 

Density, g/cm3 e n s i t yTemper  a tu r e  , 
Crystal  1ine  Liquid if ference * ,OC 

s t a t e  s t a t e  % 

1200 2.89-2.88 2.6- 2.61 9.9-8.4 

1250 2.98 2.63 11.7 

1250 2.839 2.6 8.45 

1480 2.63 2.519 4.2 

1083* * 8.29 7.96 3 - 9  
1535** 7 -30 7.25 0.68 

804 * * 1 - 9  1 - 5 5  18.6 

776** 1.766 1.524 13.6 

1458** 2.94 2.724 7.5 
1391** 3.14 2.671 14.8 

*The d e n s i t y  d i f fe rence  i s  equal to  t h e  difference i n  d e n s i t i e s  of 
t h e  c r y s t a l l i n e  and l i q u i d  s ta tes  at  t h e  i n d i c a t e d  temperature i n  % r e l a t ive  
t o  d e n s i t y  of t h e  c r y s t a l l i n e  state.  

* * M e 1  t i n g  point .  
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